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Abstract 
 
In the present study, TiO2 photocatalysis has been investigated for the inactivation of  
pathogenic bacteria Escherichia coli ATCC 11303, Staphylococcus aureus SH1000 
wild type, SH1000 ahpC/katA catalase mutant strains and SH1000 sodA/sodM 
superoxide dismutase mutant strains. The same dose of UVA light given at different 
light intensities resulted in different intracellular oxidative stress and bacteria 
inactivation kinetics especially for bacteria in presence of TiO2 coatings. The 
inactivation results obtained did not follow the  Bunsen–Roscoe reciprocity law which 
is applicable for simple photochemical processes. Differences were observed in the 
intracellular response and subsequent killing of S. aureus upon exposure to UVA 
and these were found to be dependent on the level of intensity of irradiation and not 
the total UVA dose. The lethality was greatly accelerated in knock-out mutants 
lacking catalase and, in particular, superoxide dismutase enzymes. Titania may be 
thought to operate by a "stealth mechanism", generating lethal ROS against which 
the bacteria are defenceless because at these low light levels bacteria fail to trigger 
their oxidative stress defence mechanisms. This could be quite important for 
practical application of photocatalytic surfaces. 
A commercially  available titanium dioxide surface coating (MVX, Hi-tech, Kitakyushu, 
Japan) was evaluated. The antimicrobial efficacy was tested against the inactivation 
of S. aureus wild type SH1000 strain. A simple method was developed for assessing 
the photocatalytic activity of TiO2 surface coatings and evaluating their bactericidal 
efficacy. The photocatalytic efficiency in degrading a common dye and production of  
hydroxyl radicals upon irradiation with either UVA, 405 nm or broad spectrum visible 
light was monitored and used to compare MVX with TiO2 P25 Degussa.  
The photocatalytic bacterial inactivation on TiO2 films at high and low relative air 
humidity and in the presence/absence of glucose on the test surfaces was monitored. 
Under high humidity conditions (85 ± 5% RH), S. aureus survival in the dark was 
higher than that at the low RH (20 ± 5% RH) condition. However, under humid 
conditions the photocatalytic disinfection efficiency of S. aureus was higher 
compared to dry conditions. The presence of glucose promoted bacterial recovery 
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from UVA exposure and photocatalytic damage. Despite the extensive literature on 
the inactivation of microorganisms by TiO2, inactivation kinetics in water with the 
photocatalytic process when bacteria are present on a solid surface at a controlled 
light intensity, temperature and humidity has not been investigated. A protocol which 
uses the same procedure at the end of the two different processes to evaluate 
bacteria viability has been developed. It was evident that bacteria killing in water 
suspension, as a  consequence of the different survival rates in the two media took 
much longer time. 
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1.1 Overview of the threat posed by HCAI 
 
 
At any one time, around 8% of the worldwide hospital population will have an 
infection they acquired in hospital (healthcare-acquired infection “HCAI”). 
Antimicrobial-resistant infections currently claim at least 50,000 lives each year 
across Europe and the US alone and are estimated to increase to 10 million 2050 
(Fig. 1)(O’Neill, 2016). Microbes causing HCAI are typically low grade pathogens, 
because they can only infect a compromised host.  
 
The most important aspect of bacteria causing HCAI is that they are antibiotic- 
resistant. Antibiotics have been falling to resistance for almost as long as people 
have been using them; Alexander Fleming, who discovered penicillin, warned about 
the possibility when he accepted his Nobel Prize in 1945. Because antibiotic 
resistance occurs as part of natural processes by which bacteria evolve, it cannot be 
stopped. Bacteria replicate very rapidly and a mutation either in their DNA or in a 
plasmid will quickly help them to survive in the presence of an antibiotic.  
It is believed that several bacterial infections soon may become untreatable since the 
number of multi-drug resistant bacteria is increasing faster than production of new 
class of antibiotics. The inappropriate prescription of antibiotics for viral diseases, the 
failure of some patients to complete their treatment and overuse of antibiotics has 
increased this problem. The Department of Health (DH) and Health Protection 
Agency (HPA) have enforced compulsory surveillance of a number of HCAI in order 
to focus on those that are currently posing the greatest risk in hospitals, such as 
Enterococcus spp., Staphylococcus aureus, and Escherichia coli. These three 
infections are particularly important, as their prevalence is higher than most 
pathogens due to antibiotic resistance.  
Hospital surfaces, critical (patients, patients relative and healthcare provider often 
interact with) or not, are regularly disinfected following approved cleaning protocols 
(e.g., weekly, daily, hourly) and obviously when they are dirty, after a spillage for 
example and always after patient discharge (Dancer, 2014).  
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There are many commercially available disinfectants but unfortunately none of them 
fulfil all the attributes of an ideal disinfectant (Rutala & Weber, 2013). Moreover, all 
disinfectants suffer from the following difficulties: 
1. The need for frequent application and adequate surface coverage and 
duration of exposure 
2. They can be harmful to the hospital staff and patients because of their toxicity 
3. Expensive procedures for disposing of hazardous materials used for cleaning 
Conventional cleaning procedures, have limitations because they depend on rigid 
adherence to standard procedures and reliability of housekeeping staff. Moreover, 
the absence of scientific standards to assess the efficacy of an individual cleaner 
and to measure environmental cleanliness is limiting. The role of environmental 
cleaning to control hospital-acquired infection has been extensively discussed by 
Dancer (2009). Despite the growing attention and awareness of the role of the 
environment in transmission of infections and the need for surface sanitizing the 
problem persists. 
Recently, several technologies such as photodynamic antimicrobial chemotherapy,  
ozone (O3), hydrogen peroxide (H2O2) and/or UV light have emerged as attractive 
decontamination strategies with photocatalysis emerging as a promising candidate.  
 
                                  
Figure 1: Deaths attributable to AMR every year. O’Neill (2016). 
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1.2 Aim of the research  
 
This thesis will initially focus on evaluating the photocatalytic inactivation kinetics of 
the pathogenic bacteria Escherichia coli and Staphylococcus aureus using UVA light 
irradiation in the presence of P25 Degussa coatings immersed in water. Moreover, 
the inactivation kinetics of Staphylococcus aureus catalase and superoxide 
dismutase knock-out mutant strains were studied. The research gaps addressed are: 
 The importance of Catalase and Superoxide dismutase enzymes in 
Staphylococcus aureus against oxidative stress upon exposure to UVA 
radiation and the photocatalytic process, (the importance of these enzymes 
has been already studied in E.coli but not in the Gram positive bacterium 
Staphylococcus aureus). 
 The effect on bacteria killing when the same dose of UVA radiation is given at 
different light intensities. To establish whether bacteria exposed to the same 
concentration of hydroxyl radicals over a different time span result in different 
inactivation. Whether UVA radiation at different intensities causes different 
levels of intracellular oxidative stress. Is there any threshold limit beyond 
which the bactericidal effect of UVA light affect or even mask the 
photocatalytic process? 
Subsequently, the photocatalytic efficiency of commercially available coatings will be 
evaluated. In order to evaluate without using a microbiological test whether a 
photocatalyst has antimicrobial activity, a rapid and inexpensive test method will be 
developed. P25 Degussa catalyst will be used as a standard. The photo-degradation 
of a dye and the hydroxyl radical rate production at different wavelength (360 nm 
UVA lamp, wide spectrum visible lamp and using a  narrow spectrum 405 nm LED 
light) were monitored. The activity of a photocatalyst to perform in real time  is 
correlated with the rate of Reactive Oxygen Speces (ROS) produced which may be 
correlated with the rate of the dye degradation and may allow correlation with its 
ability to inactivate microbes.  
Finally, an additional aim of the present work is to develop a method for enumerating 
viable bacteria on surfaces to assess the activity of a photocatalytic process.  Using 
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the same procedure for checking cell viability, bacterial inactivation kinetics in 
aqueous environments will be compared with the bacterial killing process when 
microorganisms are on a dry surface at a controlled light intensity, temperature and 
humidity.  
 
1.3 Research novelty   
 
The antimicrobial effect of photocatalytic TiO2 has been studied extensively over the 
past few decades. However, the number of publications are more limited when it 
comes to test the photocatalytic bacterial inactivation directly on TiO2 coatings in a 
dry environment. A possible explanation could be that methods for recovering 
microorganisms from solid surfaces are not easily reproducible for studying bacterial 
killing kinetics.  
To the best of knowledge, there are no reports comparing the photocatalytic bacterial 
killing process that occurs when microorganisms are in suspention with the process 
on a solid surface. The difficulty arises from the absence of a common technique that 
can be used to assess the viability of bacteria in solution and on a solid surface 
following photocatalytic treatment. A protocol based on assessment of bacterial 
membrane integrity using two nucleic acid dyes, SYTO 9 and propidium iodide, has 
been developed in the present study to overcome the above mentioned gap.  
The methods used in this study for evaluation of photocatalytic coatings may help in 
evaluating the performance of commercial photocatalytic coatings designed to be 
used in practical indoor settings. 
 
1.4 Thesis outline 
 
Chapter 1 presents the problem of antibiotic resistant bacteria and healthcare-
acquired infection “HCAI” caused by  “super-bugs”.  
Chapter 2 is an extensive review of the fundamental working principles and the 
“state-of-the-art” of the Advanced oxidation technologies,  especially titania as a 
novel nanomaterial and its practical application.  
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Chapter 3 describes the experimental and analytical procedures that were used in 
this research. The chapters that follow (Chapter 4) discusses the photocatalytic 
killing kinetics and the intracellular oxidative stress in E. coli, S. aureus wild type,  S. 
aureus catalase and superoxide dismutase knock-out mutant strains following 
photocatalytic processes and under only UVA radiation at different light intensities. 
Chapter 5 is concerned with the study of the physicochemical properties and the 
photocatalytic activity of a commercially available catalyst MVX. The techniques 
developed in chapter 4 are applied to evaluate a commercial coating claiming 
photocatalytic bactericidal activity in visible light. Chapter 6 discusses the 
photocatalytic bacterial inactivation on TiO2 films at high and low relative humidity. 
Moreover, a new approach to assess bacterial viability directly on the test surfaces is 
presented in this chapter. 
Chapter 7, summarizes the key findings and its impact on photocatalysis research to 
the scientific community. Recommendations and plans for future work are also 
discussed. 
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2.1 Advanced Oxidation Processes  systems  
 
Recent innovations which adopt Advanced Oxidation Processes (AOPs) have tried 
to improve the quality of disinfection practices in the health care environment. AOPs 
have been extensively investigated for the inactivation of a wide range of 
contaminants and microorganisms. This term usually refers to a subset of such 
chemical processes that employ hydrogen peroxide (H2O2) and/or UV light. AOPs 
rely on production of highly reactive hydroxyl radicals (·OH) which is a strong oxidant 
and can react in a non-selective manner with organic and inorganic matter. The 
mechanism of ·OH production highly depends on the sort of AOP technique that is 
used; ozonation, UV/H2O2 and photocatalytic oxidation rely on different mechanisms 
of ·OH generation. The most widely used systems are based on hydrogen peroxide 
vapour and ultraviolet light UV-C (Doll et al., 2015). Hydrogen peroxide vapour 
systems (HPV) that produce hydrogen peroxide in different formulations, vapours 
and dry aerosols, have been tested to reduce microbiological burden in various 
healthcare settings. Boyce and coworkers showed that Clostridium difficile infections 
diminished due to hydrogen peroxide vapour room decontamination (Boyce et al., 
2008). Ali and co-workers compared two widely available vapour whole-room 
hydrogen peroxide decontamination systems against methicillin-resistant 
Staphylococcus aureus (MRSA), Klebsiella pneumoniae and Clostridium difficile, and 
observed reduced contamination levels in the room tested (Ali et al., 2016).  
Ultraviolet (UV) radiation is defined as that portion of the electromagnetic spectrum 
between X-rays and visible light, i.e., between 40 and 400 nm (30–3 eV). The UV 
spectrum is divided into Vacuum UV (40-200 nm), UVC (200-280 nm), UVB (280-
315), and UVA (315-400 nm). The germicidal action of ultraviolet radiation was 
discovered in the late 19th century. Although the mode of action has not yet been 
fully elucidated, and the entire UV spectrum can inactivate many species of 
microorganisms (Costa et al., 2012), it is the UV-C zone at wavelength of 254nm 
which has the most germicidal effect. Wavelengths between about 200 nm and 300 
nm are strongly absorbed by nucleic acids causing defects including pyrimidine 
dimers. Unfortunately, UV-C radiation is harmful to humans. Nerandzic and 
colleagues described the effects of a fully automated UV-C system against hospital 
pathogens (Nerandzic et al., 2010). Experiments carried out by Anderson and 
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colleagues confirmed that automated UV-C emitting device can decrease the 
bioburden of important pathogens in hospital rooms (Anderson et al., 2013).  
Effectiveness of ultraviolet devices and hydrogen peroxide systems for terminal room 
decontamination after patient discharge with a focus on clinical trials has been 
extensively described by Weber and co-workers (Weber et al., 2016). 
It is worth specifying that these technologies can supplement terminal disinfection 
but not replace the daily cleaning. Organic matter, liquids, waste, and litter must still 
be removed from floors and surfaces. The most important limitation of these no-
touch systems is that they can only be used in empty wards, because hydrogen 
peroxide and UV-C radiation are harmful to humans.  
The logistical complexities, aside from costs of equipment, training, management, 
and personnel, make it imperative that objective, controlled, and independent studies 
be performed in order to establish overall costs versus benefits (Dancer, 2014). 
  
2.2 Disinfection using light sources emitting at 405 nm 
 
Recently, Mc Maclean et al. (2009), published a study using 405 nm light sources for 
the inactivation of pathogens and its potential role in a hospital setting for surface 
disinfection. They evaluated this technology in isolation rooms within two main 
clinical areas: a burns unit and an intensive care unit. Many of the most important 
HCAI organisms including S. aureus, Clostridium difficile, Acinetobacter baumannii, 
Escherichia coli, Staphylococcus epidermidis have demonstrated susceptibility upon 
exposure to  405 nm light (Hamblin et al., 2005; Guffey & Wilborn, 2006; Enwemek 
et al., 2008; Maclean, MacGregor, Anderson, & Woolsey, 2009; MacLean et al., 
2013). Exposure to 405 nm light induces photo-excitation of intracellular porphyrins 
molecules in bacteria. The excited porphyrins react with oxygen or cell components 
to produce reactive oxygen species (ROS) which lead to oxidative damage and cell 
death (Ashkenazi et al., 2003; Feuerstein et al., 2005; Hamblin et al., 2005; M. 
Maclean, MacGregor, Anderson, & Woolsey, 2008; Dai et al., 2012). Although 
Maclean et al (2009), achieved a 4-log reduction over a long period of time such as 
12 hours, there are some advantages in using light at a wavelength of 405 nm. 
Firstly, despite its biocidal effect, light at a λ of 405 nm wavelength does not have 
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adverse impact on human health (ICNIRP Guidelines, 1999). Conversely, light at a 
wavelength of 440 nm is associated with photo-retinitis and light at a wavelength of 
480 nm influences mood and circadian rhythm in humans (U. Andley 1987; Lockley 
et al., 2003).  Secondly, this wavelength is not far from the absorption peak of 
undoped TiO2  and the combined effect of 405 nm light sources with a moderate red 
shift in light absorbance doped TiO2 might boost bacterial inactivation. 
 
2.3 The photodynamic antimicrobial chemotherapy strategy  
 
An alternative approach to Advanced Oxidation Processes systems is the 
photodynamic antimicrobial chemotherapy (PACT) which has emerged as an 
attractive strategy for microbial inactivation (Wainwright, 1998; Taylor, Stapleton, & 
Paul Luzio, 2002; Hamblin & Hasan, 2004). It has been shown that the 
photodynamic action of light-activated antimicrobial agents (photosensitisers) such 
as methylene blue, toluidine blue O, rose bengal and others can kill bacteria via the 
formation of oxygen-derived cytotoxic species such as singlet oxygen and reactive 
oxygen species (ROSs) (Wainwright, 1998); (Wilson, 2004) (G. Jory et al., 2006).  
The detailed mechanism of action of PACT has been investigated (Dougherty, 1998; 
Konan et al., 2002; Kalka et al.,2011).  
Briefly, the absorption, by the photosensitiser (PS), of a photon initially leads to the 
production of an unstable, electronically-excited state of the PS molecule (the 
lifetime of this state ranges from 10−9 to 10−6 s). The excited PS molecule can then 
decay to the ground state by emission of light (radiative pathway - fluorescence) or 
by intersystem crossing, affording the excited triplet state which has a longer lifetime 
(10−3 to 10 s). At this point, the PS can reach the ground state either by spin 
inversion followed by phosphorescence emission, or by a non-radiative process. Due 
to the longer lifetime of the PS triplet state, this excited state can also react in one of 
two ways: by initiating photochemical reactions that can directly generate reactive 
oxygen species (ROS) (type I pathway), or indirectly by energy transfer to molecular 
oxygen (type II pathway), leading to the formation of singlet oxygen (Costa et al., 
2012). 
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PACT has been widely used in cancer treatment and has also been used in the 
treatment of oral diseases (Wilson, 2004). The bactericidal properties of 
photosensitisers have been successfully investigated against Gram negative 
bacteria to face the rising problem of antibiotic resistance (Kömerik & Wilson, 2002). 
Wilson (2003) showed that the incorporation of toluidine blue (TBO) into cellulose 
acetate, results in an antimicrobial material that can kill methicillin-resistant 
Staphylococcus aureus and Pseudomonas aeruginosa when irradiated. In the 
absence of light, no bacterial killing occurred, but under white light irradiation 
significant bacterial killing was observed after 24 hours. In a similar study by Ismail 
(2011) silicone polymers containing the photosensitizer methylene blue (MB) and Au 
nanoparticles were used to reduce environmental contamination in a dental clinic. 
It has been shown that microbes that are on or up to a short distance from any 
surface containing a photosensitiser which is illuminated can be inactivated due to 
the diffusion of the free radicals generated (Valduga et al., 1993). 
Unlike antibiotics, which usually have a single-target mechanism leading to biocidal 
action, photodynamic antimicrobial chemotherapy acts via a multi-targeted 
mechanism, thereby having no probability of emergence of resistance mechanism 
(Jori et al., 2001; Maisch, 2015). 
 
2.4 The photocatalytic process 
 
Photocatalysis is defined as the acceleration of a photoreaction due to the presence 
of a catalyst (Braslavsky et al., 2011). Photocatalytic processes are generally divided 
into homogeneous and heterogeneous photocatalysis. The most commonly used 
homogeneous photocatalytic system is the photo-Fenton reaction. Hydrated ferric 
ions ([Fe(OH)]2+) are photo-reduced to ferrous ions in acidic aqueous solutions in the 
presence of solar radiation at wavelengths shorter than 580 nm, giving rise to 
hydroxyl radicals (HO•). Ferrous ions are reoxidized to ferric by hydrogen peroxide or 
molecular oxygen, producing additional reactive radicals, such as hydroxyl and 
hydroperoxyl radicals (Figure 2). These radicals promptly oxidize organic 
compounds converting them into carbon dioxide and water (Spasiano et al., 2015). 
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Figure 2: Simplified scheme  of the main photo-Fenton reactions in a solar-assisted catalytic cycle (Spasiano et al., 2015). 
 
Heterogeneous photocatalysis is a process in which semiconducting materials are 
chemically activated by irradiation. Because of their electronic structures, 
heterogeneous photocatalysts can act as mediators in chemical redox reactions. 
Among AOPs, photocatalysis has recently emerged as an effective choice, an 
alternative to disinfection with conventional chemicals which result in the formation of 
harmful and toxic disinfection by-products. Photocatalysis does not suffer from the 
disadvantage of being toxic for patients (e.g., hydrogen peroxide) or constitute a 
safety risk. Many research groups have studied different materials as photocatalysts 
including WO3, Fe2O3, CdS, SiC but the best features have been identified in TiO2, 
the natural titanium oxide also called Titania. This is corroborated by the high 
number of publications specifically on TiO2 versus the total number of publications 
concerning photocatalysis, as evidenced by Fujishima and colleagues (Fujishima et 
al., 2008) (Figure 3). 
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Figure 3: Number of scientific articles dedicated to photocatalysis on titanium dioxide for each year: photocatalysis (blue 
bars) and "TiO2 and photocatalysis" (green bars) (Fujishima et al., 2008). 
 
 
2.4.1 Titanium dioxide as a photocatalyst  
 
TiO2 mediated-disinfection has been reported since 1988 as a possible option 
against viruses, bacteria and fungi (Matsunaga et al., 1988). Among the 
photocatalysts tested, titanium dioxide has been found to be the most effective 
mainly because of its photostability, ease of availability, low operation temperature, 
low energy consumption, high photocatalytic activity, suitable flat band potential, 
relatively high chemical stability, water insolubility under most environmental 
conditions and preventing the formation of undesirable by products (Zhang et al., 
2008; Qi et al., 2010; Skocaj et al., 2011). Titanium dioxide photocatalyst is a 
semiconducting substance which can be chemically activated by radiation with an 
appropriate light wavelength. A band model is often used for schematic 
representation of the electronic structures of photo semiconducting materials (Figure 
4). In the conductor materials there is an overlapping of the valence band with the 
conduction band. In the semiconductors a small gap separate the conduction from 
the valence band, the gap is wider in the insulator materials. 
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Figure 4: Schematic representation of electronic structure of conductor, semiconductor and insulator materials. In the 
conductor materials there is an overlapping of the valence band with the conduction band.  
 
If a photo-semiconductor is irradiated by light with energy matching or greater than 
its band gap energy (Eg), an electron (e−) in an electron-filled valence band (VB) is 
excited to a vacant conduction band (CB), where it can drive reduction reactions, 
leaving a positive hole (h+) in the VB. Recombination between electron and hole is 
rapid and dissipates energy as heat. 
 
Figure 5: Schematic representation of the reaction TiO2  
hv
    e-TiO2 + h+TiO2 and electron/hole recombination.  
 
These photogenerated electrons and positive holes drive reduction and oxidation, 
respectively, of different compounds, not necessarily adsorbed on the surface of the 
photocatalyst (Gaya & Abdullah, 2008). 
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The excited electrons and holes in the absence of suitable electrons and hole 
scavengers tend to recombine very quickly, dissipating the energy as heat. 
Photocatalytic activity is strongly dependent on the competition between the surface 
transfer of charge carriers and electron–hole recombination (Ni et al., 2007). 
Titanium dioxide exists as three different polymorphs; anatase, rutile and brookite. In 
all three forms, titanium (Ti4+) atoms are co-ordinated to six oxygen (O2−) atoms, 
forming TiO6 octahedra (Nicholls, 1974). Anatase is made up of corner-sharing 
octahedra which form (0 0 1) planes (Figure 6) resulting in a tetragonal structure. In 
rutile the octahedra share edges at (0 0 1) planes to give a tetragonal structure (Fig. 
6), and in brookite both edges and corners are shared to give an orthorhombic 
structure (Fig. 6) ( Nicholls, 1974; Tsai, & Huang, 2003; Carp, 2004; Shao et al., 
2004; Chen & Mao, 2007a). 
                     
Figure 6: Three-dimensional representation of crystalline structure of titania polymorphs anatase (a), rutile (b) and 
brookite (c) (Zhang et al., 2014). 
 
The majority of studies show that anatase is the most effective photocatalyst and 
that rutile is less active; there are a few reasons for rutile deficiency:  
1) A higher temperature is needed for rutile preparation, increasing the size of 
nanoparticles. 
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2) higher electron–hole recombination rates in the rutile, carrying a limited number of 
hydroxyl groups on its surface.  
3) lower photocatalytic efficiency as a result of lower electron lying at the conduction-
band edge (Bouras, Stathatos, & Lianos, 2007).  
Recently Zhang and coworkers (2014) stated that anatase is an indirect band gap 
semiconductor, while rutile and brookite belong to the direct band gap semiconductor 
category. Indirect band gap anatase exhibits a longer lifetime of photoexcited 
electrons and holes than direct band gap rutile and brookite because the direct 
transitions of photogenerated electrons from the conduction band (CB) to the 
valence band (VB) of anatase TiO2 does not occur. This results in the lowest 
recombination rate of photogenerated charge carriers within anatase TiO2 (Zhang et 
al., 2014).  However, studies have shown that mixtures of anatase and rutile are 
more effective as a photocatalyst in comparison with 100% anatase; one active 
commercially available preparation of TiO2 is Degussa P25 which typically contains 
around 80% anatase and 20% rutile. Brookite is not a good photocatalyst. In the 
literature, the band gap (Eg) for rutile and anatase, was reported to be 3.10 and 3.23 
eV, respectively.  
From these values, according to equation (1) (Reddy, Manorama, & Reddy, 2003): 
                                          Eg = hv = hc/λ = 1240/λ                   Eq. 1                                                                             
 
where h is Planck’s constant (Joules × second), v is the frequency of incident 
radiation calculated in Herz and c is the light velocity (Kilometres / second), anatase 
is activated by photons with  wavelength λ ≤ 388 nm, which is the UVA portion of 
electromagnetic spectrum, whereas rutile is activated by light at λ ≤ 413 nm. This is 
a major drawback of anatase, which currently limits its wider commercial application, 
as it absorbs only in the ultraviolet region, which is only about 3–4% of the solar 
energy reaching the Earth’s surface. Moreover, the high rate of electron/hole 
(eCB−/hVB+) pair recombination is another hindrance in using titanium dioxide as 
antimicrobial technology.  
The main steps for a photocatalytic reaction are light absorption, charge carrier 
separation and diffusion onto the particle surface, and the subsequent surface redox 
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reactions with adsorbed molecules/atoms at the active sites of the photocatalyst. 
These steps are influenced by bulk, surface and electronic structure of the pho-
tocatalyst.  
Therefore, various strategies have been adopted, to address these limitations to 
improve the photocatalytic efficiency of TiO2. They can be summarized as either 
morphological modifications, such as increasing the surface area and porosity, or as 
chemical modifications, by incorporation of additional components in the TiO2 lattice 
or by simple deposition of noble metals on the catalyst surface. Noble metals such 
as Ag, Au, Pt and Pd on the surface of TiO2 enhance the photocatalytic efficiency 
under visible light by acting as an electron trap, promoting interfacial charge transfer 
and therefore delaying recombination of the electron–hole pair (Li & Li, 2001; You et 
al., 2005; Behar & Rabani, 2006; Zeng et al., 2007; Zhang et al., 2008).  
A variety of techniques have been developed to prepare TiO2 nanoparticles including 
sol-gel, hydrothermal, solvo-thermal processes and electrochemical methods. Kumar 
and Pandey (2018) extensively discussed all different methods used for the 
synthesis of TiO2 in their review paper. Particle morphology and physical/chemical 
properties depend on which of these processes is employed, the type and the 
concentration of precursors used, temperature, pressure and other parameters.  
The efficiency of the catalyst is influenced by the crystal phase which is an important 
characteristic and the particle dimensions closely related with it. According to the 
work of Gribb and Banfield (1997) rutile is more stable than anatase for particle sizes 
bigger than 14 nm, and anatase is thermodynamically stable for particle sizes less 
than 11 nm. TiO2 nanoparticles of different dimensions can be obtained by setting 
different annealing temperatures during synthesis. Furthermore, highly crystalline 
structure of the semiconductor is also an advantage for the reaction rate compared 
to amorphous structures because of the higher mobility of excited charge carriers 
within the defect-free solid (Gribb and Banfield,1997). 
Irrespective of crystal form, bulk TiO2 has always less photocatalytic activity than that 
at the surface. The reason being that photocatalytic processes are chemical 
reactions which take place on the surface. Therefore, an increase in the surface area 
should improve the efficacy of the process because there is more surface area 
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exposed. The surface area is mainly dependent on the temperature of the heat 
treatment or calcination (Luís et al., 2010). Solvent extraction or heat treatment at a 
low temperature (<200 °C) can yield a high surface area, whereas after being 
calcined at a high temperature (300–450 °C), the surface area decreases sharply. 
Generally, small pores size and a uniform distribution of pores results in a high 
surface area. Thus, crystalline phase, specific surface area, morphology and 
aggregation of particles are some of the parameters playing an important role in the 
photocatalytic efficiency of titania. Because of this, it is essential to control the 
particle size, shape, porosity and distribution of the prepared TiO2.  
One of the most important and widely accepted methods used to enhance the 
efficiency of the catalyst, either under UV light or using visible light, is the doping of 
TiO2. This is a chemical modification of the TiO2 lattice with different foreign ions 
achieved using different techniques. Doping titanium dioxide with different 
compounds results in a desired band-gap narrowing, thus a red-shift in light 
absorbance is the consequence. Doping can also bring other advantages such as 
lower recombination rate and high anatase crystallinity (Etacheri et al., 2015). The 
coordination environment of the dopants are influenced by the nature of the dopants, 
i.e. the ionic radii and concentration, but also by the synthesis method adopted. 
Several kinds of hybrid species including non-metal anions, metal cations, noble 
metals, transition and rare earth metal cations can be adopted to dope TiO2. The 
transition and rare earth metal cations can be used to substitute Ti+ cations into TiO2. 
Because the Fermi levels of noble metals are lower than that of TiO2, excited 
electrons can move from the conduction band to metal particles, leaving the photo-
generated holes on TiO2. These result in a reduction of possibility of electron-hole 
recombination and higher photocatalytic activity as a consequence (Ni et al., 2005).  
Non-metal anions can be used to substitute lattice oxygen anions in TiO2. The strict 
requirements for the anion dopants to narrow the band gap elevating the valence 
band are: electronegativity of the non-metal dopant which must be lower than that of 
oxygen and the dopant atom radius should have a comparable size with the oxygen  
atom (Palaez et al., 2012).  
A number of different elements have been tested to-date, some research groups 
have also combined two or three diverse atoms into TiO2 lattice observing some 
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advantages (Wu et al., 2010). However, if on the one hand the result of modification 
of TiO2 by doping or co-doping improved the efficiency of the catalyst under visible 
light in comparison with the undoped TiO2, on the other hand it is necessary to point 
out that even the most promising doped catalyst need for improvement on the 
photocatalytic efficiency (Pelaez et al., 2012).  
Although it can enhance the visible-light absorption, band gap narrowing is not 
always attractive. The redox potential of TiO2 is related to the position of band edges 
with reduction in power determined by the conduction band minimum (CBM) and the 
oxidation power depending on valence band maximum (VBM). The overlapping of 
impurity bands with the conduction band will decrease the CBM and lead to a 
decrease in the reduction potential of TiO2. Moreover, the impurity levels can be on 
the surface or deep in the band gap depending on the dopant. A deep impurity level 
tends to act as a recombination centre negatively influencing the photocatalytic 
activity of TiO2, while a shallow impurity level usually performs as a trapping centre 
improving the catalyst efficiency.  
Upon excitation, TiO2 can photo-stimulate redox reactions on its surface producing 
highly Reactive Oxygen Species such as hydroxyl radical (∙OH), superoxide radical 
(∙O2
-), and singlet oxygen (1O2 ) (Figure 7).  
                                                     
Figure 7: Schematic representation of Reactive Oxygen Species generated by activated TiO2 in the photocatalytic reduction 
and oxidation steps of oxygen and water.  
 
The presence of oxygen and water molecules on the catalyst surface is necessary 
for ROS production. Air relative humidity can hence affect the photocatalytic activity 
of TiO2 catalysts applied as coating on dry surfaces. The majority of studies did not 
focus on the effect of air relative humidity on photocatalytic process efficiency. 
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2.4.2 Photocatalysis as an antimicrobial strategy for decontamination of surfaces 
 
The production of ROS, in TiO2 catalysts has been shown to be capable of killing a 
wide range of microorganisms, including Gram-negative and Gram-positive bacteria, 
fungi, protozoa, viruses and spores. Indeed, unlike antibiotics, ROS attack does not 
have a specific target such as a particular molecule or an individual metabolic 
pathway such as protein synthesis. Moreover, the development of bacterial 
resistance to photocatalysis is believed to be impossible (Goulhen-Chollet et al., 
2009). They demonstrated that the majority of bacterial proteins are heavily and non-
specifically damaged upon photocatalytic treatment.  
In most experiments, the antimicrobial activity of TiO2 catalysts was tested with 
bacterial cells in suspension (Applerot et al.,2012; Zhang et al., 2017), not many 
investigations have been conducted on photocatalytic bacterial killing process on 
surfaces. The majority of studies have shown that Gram-positive bacteria are more 
resistant than Gram-negative bacteria to photocatalytic disinfection and this could be 
associated with the structure of their cell membrane (Foster et al., 2011). Gram-
negative bacteria have a triple layer cell wall, with an inner plasmatic membrane, a 
thin peptidoglycan layer and an outer bilayer phospholipidic membrane, whereas 
Gram-positive bacteria have only a thick layer of peptidoglycan and the 
cytoplasmatic membrane. However, some authors have found Gram-positive 
bacteria to be more sensitive: Dunlop and colleagues (Dunlop et al., 2010) 
demonstrated that MRSA were more sensitive than ESBL-producing strain of E.coli; 
Luo (2008) showed that Enterococcus faecalis was more resistant than E.coli but 
more sensitive than Pseudomonas aeruginosa. This incongruity may be explained by 
considering that the bactericidal efficiency of TiO2 is influenced by several factors 
such as the ease with which light and oxygen can reach the catalyst surface, the 
distance between bacteria and the catalyst surface and the ability of radicals to 
penetrate the microbial cell. Because of the complexity of microorganisms, it is 
understandable why so far, the full pathway of photocatalytic inactivation is still not 
clear. However, the accepted sequence of events taking place during exposure to 
ROS attack is damage of the cell wall, followed by loss of integrity of the cytoplasmic 
membrane and finally there is a direct effect on the intracellular molecules. Changes 
to the permeability of cell wall and cell membrane structure have been demonstrated 
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by microscopy based studies (Wu, et al., 2009), the degradation of peptidoglycan 
(Kiwi & Nadtochenko, 2005), lipid peroxidation (Huang et al., 2000a; Kiwi & 
Nadtochenko, 2005; Sunada, Watanabe, & Hashimoto, 2003; Wainwright, 2000), 
degeneration of porin intramembrane proteins has been demonstrated (Carré et al., 
2014). Moreover,  direct DNA damage has been reported following genetic analysis 
(Pigeot-Rémy et al., 2011). 
Spectroscopic studies using FTIR (Fourier Transform Infrared Spectroscopy) 
suggest that organic matter in contact with TiO2 is oxidised directly by reduction of 
the holes formed in the catalyst structure (Nadtochenko et al., 2006a; Nadtochenko 
et al., 2008). This work suggests that if bacterial cells are adsorbed to the catalyst 
surface, direct oxidation of cellular components can occur even without ROS 
production. However, most studies show that in solution ROS can diffuse from the 
catalyst surface through water to the suspended cells and are responsible for  
bacterial killing; direct oxidation of cell structures happen when bacteria are directly 
in contact with the catalyst. Hydroxyl radicals (∙OH) and hydrogen peroxide (H2O2) 
are responsible for the antimicrobial effect of TiO2 close to and at a distance from the 
catalyst, respectively (Figure 8) (Sato & Taya, 2006). 
           
. 
 
 
                                  
 
              
Figure 8: Schematic representation of the role of ROS in photocatalytic killing of bacteria (Sato & Taya 2006). 
 
The UV bacterial killing process is believed to  follow the Bunsen–Roscoe reciprocity 
law, which states: “The photochemical effect is a function of the product of the 
intensity of the light and the duration of the treatment”  (Murata & Osakabe, 2013). 
Some authors using TiO2 photocatalytic system, have found that the inactivation rate 
•OH 
TiO2 
h
+
vb 
UV light 
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of E. coli and Q phage, increased proportionately with an increase in incident light 
intensity (Wei et al., 1994; Lee et al., 1997). However, a non-linear correlation 
between light intensity and photocatalytic killing of bacteria was observed (Rincón & 
Pulgarin, 2003). A possible explanation for the deviation from the Bunsen–Roscoe 
reciprocity law when there is an excess of •OH radicals at high light intensity may be 
their self-recombination. A survey of the available literature on dose-time 
relationships in photobiology suggests that the Bunsen-Roscoe law seems to be 
valid within narrow limits for most photobiological reactions (Schindl et al.,2001).  
The deviation from the reciprocity law give important clues to mechanism of the 
process and may occur because the intracellular processes induced by UV radiation 
may vary with different microorganisms, and some of the microorganisms may be 
more sensitive to the UVA radiation. Hence, it is surprising that the available 
information on the influence of radiation intensity is poor and that in most 
experimental and clinical studies variations in radiation intensity are not included in 
the experimental investigation. 
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CHAPTER 3: Materials and Methods 
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3.1 Photocatalytic film preparation   
 
The photocatalytic coatings were made using a dip-coating technique. Basically the 
process may be separated into three important technical stages:  
1. Immersion & dwell time: The substrate is immersed into the precursor solution 
with a uniform dipping rate followed by a certain dwell time in order to leave 
sufficient interaction time of the substrate with the coating solution for 
complete wetting.  
2. Deposition & Drainage: By pulling the substrate upward at a constant speed a 
thin layer of precursor solution is entrained, i.e. film deposition. Excess liquid 
will drain from the surface.  
3.  Evaporation: The solvent evaporates from the fluid, forming the as-deposited 
thin film, which can be promoted by heated drying. Subsequently the coating 
may be subjected to further heat treatment in order to lead to the combustion 
of residual organics and induce crystallization of the functional oxides (Brinker 
& Scherer, 2013). 
A fine tuning of the withdrawal speed, viscosity of solution prepared and of the 
evaporation conditions (temperature and relative vapour pressures) is necessary to 
perfectly control the film characteristics (thickness and inner structure). Among all 
available techniques used for such a purpose, the dip-coating conformation provides 
the unique possibility to accurately control the latter critical parameters.  
A suspension of 25 g L−1 of photocatalyst in ethanol was prepared. The MVX 
nanoparticles were separated from the surfactant solution, in which they were 
dispersed by centrifugation (2500 g for 20 min at 4o C) and a vacuum pump after 
discarding the supernatant. Before TiO2 immobilization, the borosilicate glass 
microscope slides (Sigma Aldrich 38mm x 75mm) were washed with ethanol during 
sonication and subsequently air dried in a laminar flow hood. TiO2 immobilization on 
the glass slides was achieved by the dip-coating technique, with a withdrawal speed 
of 3 cm min−1 at room temperature (25 °C). The process was repeated several 
times to achieve the masses of TiO2 of 0.1 mg, 0.3 mg, 0.5 mg and 0.7 mg. The 
weight gain for the slide after each coating was measured using a six-digit balance 
(Sartorius, UK). Coatings were allowed to dry at room temperature after any cycle. 
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Figure 9. Motorised Dip-Coating Device.  
 
3.2 Coating and catalyst characterization 
3.2.1 X-ray diffraction 
 
The crystallographic properties of TiO2 samples were investigated by X-ray 
diffraction (XRD). A single crystal, when exposed to monochromatic X-rays, 
produces diffraction maxima according to the Bragg relationship:   
                                                                         nλ = 2d sin θ                  Eq. 2 
The Bragg angle, θ, is the angle between the primary X-ray beam (with λ wavelength) 
and the family of lattice planes, with interplanar spacing d; n is an integer. Every 
crystalline powder produces a characteristic diffraction pattern. This is the basis of 
qualitative analysis by powder diffraction. By scanning the sample through a range of 
2θ angles, all possible diffraction directions of the lattice should be attained due to 
the random orientation of the powdered material. 
Identification is usually accomplished by systematic comparison of an unknown 
pattern with a catalogue of standard data such as the Powder Diffraction File 
published by the International Centre for Diffraction Data (ICDD) (Montejo-Bernardo, 
García-Granda, Bayod-Jasanada, Llavona-Díaz, & Llorente, 2005). 
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XRD analysis were performed on Bruker D8 X-ray diffractometer with Cu Kα (λ = 
1.5406 Å) radiation was used. The diffraction angle 2θ was incremented from 20° to 
80° with a step of 0.02 and time to step ratio of 0.5. 
 
3.2.2 N2- adsorption 
 
Among the morphological characteristics of interest for the characterization of a 
dispersed  solid there are the surface area, the pore volume and the average pore 
size distribution. 
It is possible to classify (according to IUPAC) the pores as: 
• ultramicropors d < 0.7 nm 
• micropores d < 2 nm 
• mesopores 2 < d < 50 nm 
• macropores d > 50 nm 
Knowing the surface area and the porosity of a catalyst means a better 
understanding of the behaviour of it during a catalytic reaction. In fact, the catalytic 
process takes place on the surface of the catalyst and therefore its surface area 
influences notably its activity. 
There are different techniques for studying the morphological properties of a porous 
solid, among these the most widely used is the adsorption of molecular nitrogen (N2) 
at condensation temperature (77 K), based on the determination of an adsorption 
isotherm in which the volume of adsorbed nitrogen is reported as function of relative 
pressure. It is possible to distinguish six types of isotherms, among which the four 
main ones are: characteristics of macroporous solids type II, mesoporous type IV, 
microporous type I, and ultramicroporous type VI respectively (Figure 10). 
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Figure 10 : IUPAC classification of adsorption isotherms used for characterization of porous solids. 
 
The surface area and pore volume of TiO2 samples were measured using N2 
adsorption/desorption isotherm on a Micromeritics TriStar 3000 porosimetry analyser. 
Before analysing, samples (around 500 mg) were pre-treated at 100º C for one day 
and 200º C for 3 hours to remove humidity and/or other contaminants that can 
adsorb on catalysts. Surface area was determined using BET (Brunauer, Emmett, & 
Teller, 1938) based analysis which allows the calculation of the amount of N2 
adsorbed on a monomolecular layer (Vm) as a function of relative pressure P/P0 and 
the volume of physisorbed gas (Va). The volume Vm cannot be determined directly 
since the adsorption takes place with a multi-layered statistical mechanism, with a 
continuous adsorption and desorption of gas molecules. The BET theory allows the 
interpretation of this phenomena and the following equation (Eq. 3) correlates Vm 
with pressure P, the saturation pressure P0 and the adsorbed volume Va : 
 
𝑃
𝑉𝑎 (𝑃𝑜 − 𝑃)
=
1
𝑉𝑚 𝐶
+ 𝐶 −
1
𝑉𝑚 𝐶
∗
𝑃
𝑃𝑜
                    𝐸𝑞. 3 
 
where C is a constant representing the difference between adsorption and 
liquefaction heat. From the P/Va graph (P0 -P) as a function of P/P0, it is possible 
obtain Vm (cm3/g). Knowing then the area occupied by a molecule of N2, equal to 
16.2 Å2, the surface area value can be calculated (m2/g) (Sing and Rouquerol, 
Handbook of Heterogeneous Catalysis, Vol. 2). It should be noted that the BET 
equation is linear only up to values of P/P0 around 0.3, for larger ratios the 
assumption of adsorption as monomolecular layer is no longer valid indeed. 
The Micromeritics TriStar 3000 analyser uses the BJH method (Barrett, Joyner, & 
Halenda, 1951) for porosity. The BJH is a mathematical procedure that using the 
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Kelvin equation (Thomson, 1872) obtain the distribution curve of pores diameter. The 
Kelvin equation (Eq. 4) correlates the diameter (d) with the relative pressure P/P0 
when capillary condensation of N2 occurs inside pores: 
𝑑 =  −
4𝜎𝑉𝑙
𝑅𝑇𝑙𝑛 ቀ 𝑃𝑃0ቁ
+ 2𝑡                      𝐸𝑞. 4 
Where σ is the liquid surface tension, V is the molar volume of the liquid and t is the 
thickness of adsorbed layer on the pores wall. The last parameter depends on P/P0 
and can be obtained from the Halsey equation (Eq. 5): 
𝑡 = 3,54 ∗ ቎
5
2,3 ln ቀ 𝑃𝑃0ቁ
቏ ⅓            𝐸𝑞. 5 
Basically, the procedure is intended to determine the volume adsorbed at the 
variation of P/P0 up to P/P0 = 1. Through the Kelvin equation and the BJH method, 
then the integral curve Vp = f (d) is obtained, which can be differentiated by obtaining 
thus the pore distribution curve. 
 
3.2.3 Scanning electron microscopy 
 
The scanning electron microscope is a tool that provides an image of the sample 
surface with magnification, resolution and depth of field significantly higher than 
those of the optical microscope. As the electrons interact with atoms in the sample, 
various signals that contain information about the sample's surface topography and 
composition, can be detected. The beam is generated by an electronic source, 
concentrated by a series of electromagnetic lenses and deflected by an objective 
lens. 
In the vacuum chamber  in addition to the already mentioned  electronic source, 
there are collimating lenses, two detectors and the sample holder. 
When an electron beam hits the surface of a sample, various effects can be 
observed including the emission of secondary, backscattered electrons and X-rays. 
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The most common mode of detection of SEM is by secondary electrons (SE) emitted 
by atoms excited by the electron beam. On a flat surface, secondary electrons are 
mostly contained by the sample, but on a tilted surface, electrons are partially 
exposed and more are emitted (Wikipedia, “Scanning electron microscope - 
Wikipedia, the free encyclopedia,” Wikipedia, 2018). An image displaying the 
topography of the surface is thus created by scanning the sample and detecting the 
secondary electrons, consequence of the different angles of incidence of the electron 
beam in the presence of concave and convex areas. In addition to SE, other types of 
signals produced by SEM include back-scattered electrons (BSE), light 
cathodoluminescence (CL), specimen current, characteristic X-rays and transmitted 
electrons. It is rare that a single machine would have detectors for all possible 
signals, thus secondary electron detectors are standard equipment in all SEMs 
(Wikipedia, “Scanning electron microscope - Wikipedia, the free encyclopedia,” 
Wikipedia, 2018). The signals result from interactions of the electron beam with 
atoms at or near the surface of the sample. 
In general, the samples placed in the SEM chamber must be either conducting or 
coated with a thin metal layer in order to avoid electric charging by the electron beam 
The morphology of TiO2 particles and the coating distribution were examined using 
the Field Emission Gun Scanning Electron Microscope (FEG-SEM). It has the 
advantage over a conventional SEM of providing higher resolution images due to 
electron been being smaller in diameter. This also gives a higher signal to noise ratio 
and improvements in spatial resolution. The model used for characterization was a 
Leo Elektronenmikroskopie GmbH model 1530 VP with an EDAX Pegasus 
(EBSD/EDXA) unit. Samples were mounted onto conventional aluminium sample 
holder. The chamber was evacuated to ~ 5 x 10-1 Pa for imaging. Secondary 
Electron and Inlens detectors were used for general images and for higher resolution 
images respectively. Sputter coating of the sample prior to SEM imaging was carried 
out using gold/palladium (Au/Pd) alloy (sputtering for 60 sec). A conductive coating is 
needed to prevent charging of a specimen with an electron beam in conventional 
SEM mode (high vacuum, high voltage). 
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3.2.4 Energy dispersive X-ray  spectrometry  
 
This technique is a powerful tool that provides a nanostructural material 
characterisation, such as chemical composition. 
When the incident beam of charged particles (such as electrons or protons) or a 
beam of X-rays hits the sample stimulate the emission of characteristic X-rays from 
the innermost energy levels of the sample atoms. Electron from an inner shell in 
ground state with discrete energy level is excited and thus ejected, leaving behind a 
hole which may be filled by another electron from an outer, higher-energy shell. 
Hence, an X-ray having energy equal to the difference in energy between the higher-
energy shell and the lower-energy shell, may be released (Figure 11).  
An energy-dispersive (EDS) detector is used to separate the characteristic x-rays of 
different elements into an energy spectrum, and EDS system software is used to 
analyse the energy spectrum in order to determine the abundance of specific 
elements.  
EDS can be used to find the chemical composition of materials down to a spot size 
of a few microns, and to create element composition maps over a much broader 
raster area. EDS analysis can be used in semi-quantitative mode to determine 
chemical composition by peak-height ratio relative to a standard. The limitations are 
that energy peak overlaps among different elements, particularly those 
corresponding to x-rays generated by emission from different energy-level shells (K, 
L and M) in different elements. For example, there are close overlaps of Mn-Kα and 
Cr-Kβ, or Ti-Kα and various L lines in Ba. Furthermore, EDS  may not detect the 
lightest elements, typically below the atomic number of sodium. However, elements 
of interest in this study (Ti and Ag) do not fall into this category. 
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Figure 11 : A schematic representation of the EDS principle (Wikipedia, “Energy Dispersive X-ray Spectrometry - Wikipedia, 
the free encyclopedia,” Wikipedia, 2018) 
 
In this project, EDS micrographs and relative composition analyses have been 
carried out using a high resolution field emission gun scanning electron microscope 
which includes an energy dispersive X-ray spectroscopy system (EDS/EDX) using 
Oxford Instruments Aztec EDS/EBSD microanalysis software with TrueMap 
capability. 
 
3.2.5 X-ray photoelectron spectroscopy  
 
 
The XPS (X-ray photoelectron spectroscopy) is a photoelectric effect-based 
spectroscopic technique. This technique measures the elemental composition at the 
parts per thousand range, empirical formula, chemical state and electronic state of 
the elements that exist within a material. 
When a sample is exposed to an electromagnetic radiation having energy E = hν in 
the    X-ray region, electrons from the innermost energy levels are emitted; the whole 
process is called "photoemission". The electrons contained in the atoms of the 
material are distributed on different energy levels, also known as orbitals, and are 
characterized by a specific Binding Energy (BE). By measuring the kinetic energy 
(KE) of photo-emitted electrons, it is possible to determine their Binding Energy. The 
electrons BE hence, depends on the chemical element and on the electron 
configuration of the electrons within the atoms, e.g., 1s, 2s, 2p, 3s,. Analyzing the 
electrons spectrum of photoemission, the nature of elements present in a sample 
can be found. Moreover, the BE is also influenced by the chemical bonds that 
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analyses atoms are forming with neighboring atoms: the 1s carbon electrons have a 
different BE in different local bonding environment. Hence, the XPS is a unique and 
valuable tool for understanding the oxidation state of a species in question since it is 
affected by the local bonding environment or "chemical state". 
 
                                              
 
 
Figure 12: A schematic representation of photoemission process, a chemical phenomenon at the base of the XPS 
technique. The  electron Binding Energy (BE) correspond to the difference between the electromagnetic radiation energy 
and the electron kinetic energy.    
 
Typical applications of XPS analysis are: 
 Measurement of surface composition in failure analysis and adhesion 
problems 
 Characterisation of the chemistry of surface treatments 
 Functional group identification 
 Corrosion /oxidation studies 
 Evaluation of surface cleanliness 
 Catalyst characterisation 
The XPS analysis were carried out using an X-ray Photoelectron Spectrometer 
model K-Alpha (Thermo Scientific) with an Ion Gun Operating Range between 
100eV - 4 keV, maximum analysis area of 60 x 60 mm and maximum thickness of 20 
mm and a tilt range of -90° to +90°.  
 
e- (KE) 
BE = h- KE 
Photoemission 

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3.3 Bacterial strains, growth conditions and cell recovery 
 
Photocatalytic coatings were tested against the Gram positive Staphylococcus 
aureus wild type SH1000, S. aureus catalase negative mutant (Kat) KS100 and S. 
aureus superoxide dismutase (SODs) mutant MHKAM which were kindly provided by 
Dr. Julie Morrissey (University of Leicester) and the Gram negative Escherichia coli 
ATCC 11303.  
Escherichia coli and Staphylococcus aureus are bacteria of particular interest to 
hospital hygienists, because of the widespread prevalence of multidrug resistant 
strains Staph. aureus MRSA (Methicillin–resistant) and E.coli ESBL (Extended-
spectrum beta-lactamase positive). 
Differences in cell wall structure give rise to different sensitivities to ROS, such as 
pure singlet oxygen generated outside of cells (Dahl, Midden, & Hartman, 1988).  
These obviously, are not the only differences between Staphylococcus aureus and 
Escherichia coli. DNA sequences of these two bacteria are very different, resulting in 
a wide intracellular diversity. 
In contrast to some other pathogenic bacteria such as E. coli, S. aureus synthesizes 
only one catalase protein (Antelmann et al., 1996);(Horsburgh et al., 2001);(Loewen, 
1984). Catalase enzymes bring about to detoxification against intracellular hydrogen 
peroxide and it is also a major determinant of virulence in S. aureus. Strains with 
higher level of catalase were found to be more resilient to killing by neutrophils 
(Mandell, 1975). However, the most important role of the catalase enzyme is to avoid 
formation of hydroxyl radicals through the Fenton reaction between H2O2 and 
intracellular Fe(II). In addition to catalase, staphylococci also have peroxiredoxins 
(e.g. Tpx and AhpC) (Wolf et al., 2008)(Chen et al., 2009) which are induced upon 
bacteria exposure to H2O2. Similar to E. coli, in S. aureus catalase is the principal 
enzyme scavenger of H2O2 (Horsburgh et al., 2001) while alkyl hydroperoxides AhpC 
provide resistance to a broader spectrum of ROS (Cosgrove et al., 2007). S. aureus 
has two SOD-encoding genes, sodA and sodM. The products of translation of mRNA 
are two homodimers and a heterodimer which combine to give rise a three SOD 
activity zones enzyme (Clements et al., 1999)(Valderas & Hart, 2001). Superoxide 
dismutase is a metalloprotein that converts O2- to H2O2 and O2, preventing not only 
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direct damage caused by O2- but also the toxicity of the Fe3+ dependent-catalytic 
reactions leading to .OH via Haber-Weiss reaction (Haber & Weiss, 1934). 
Regarding the role of SOD in virulence in S. aureus there is some controversy e.g. 
SOD activity was not correlated with lethality in a mouse model of infection but the 
enzyme activity was found to be higher in strains isolated from patients with 
staphylococcal infection compared to those isolated from non-staphylococcal 
infected patients (Mandell 1975); (Kanafani & Martin, 1985). Escherichia coli also 
has two SOD genes whose products are an iron and manganese superoxide 
dismutase enzymes. The glutathione, owing to its high redox potential (Smirnova & 
Oktyabrsky, 2005), is the major endogenous antioxidant in Escherichia coli. 
E. coli  was grown in Luria-Bertani (LB) broth (Sigma) while Staphylococcus aureus 
strains were grown in a Brain-Heart infusion (Oxoid) culture medium at 37°C 
overnight. No differences in growth rate was observed between wild type and mutant 
strains. An aliquot of the overnight culture was transferred into fresh BHI broth to 
reach on optical density (OD) value at 600 nM of 0.05. According to the growth curve 
of each strain (Figure 13 and figure 14), the concentration of bacterial cells was 
adjusted to a target concentration of 5 *106 CFU mL-1. 
 
 Figure 13. Staphylococcus aureus SH1000 growth curve, OD and CFU counts over 3.5 hours. 
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 Figure 14. Escherichia coli ATCC 11303 growth curve, OD and CFU counts over 3.5 hours. 
 
Bacteria were centrifuged at 1500 G for 5 min; pellets of bacteria cells were re-
suspended in 1 mL of ultrapure sterile water after removing any growth medium 
traces. The bacterial suspension was added to 14 mL sterile water in the petri dishes. 
To measure cell viability, a sample of suspension was taken at time intervals during 
irradiation and plated after serial dilutions on BHI + 5% blood agar plate (TCS 
Bioscences) for Staphylococcus aureus strains, whilst for E. coli on LB and BHI + 5% 
blood agar. Plate were incubated at 37°C for 24h. A colony forming unit (CFU mL-1) 
was calculated the day after following the formula: 
               cfu/ml = (no. of colonies x dilution factor) / volume of culture plate 
The method adopted is known as “standard plate count” and it is widely used. It is 
based on the direct enumeration of colonies on a solid growth media (agar) by 
cultivating an aliquot from the initial sample or one of its serial dilution. It is important 
to specify that results obtained do not accurately reflect the precise number of 
microorganisms but only organism able to multiply on a given medium, hence the 
choice of the medium is important.  
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To evaluate the antimicrobial  efficiency of photocatalytic coatings in dry conditions 
(MVX coated tiles under visible light and Degussa P-25 microscope slices coated 
under UVA light), bacterial cells were deposited onto the test sample surfaces using 
an in-house micro-volume spray device (Figure 15). The top of Pasteur pipet was 
modified with a Bunsen and a sandpaper to achieve an aperture roughly of ~ 100-
200 µM. The bacterial suspension was pipetted into Pasteur pipet, the pressure on 
the syringe plunger allowed to spray small droplets containing one or few bacteria 
cells per droplet. 
The samples were allowed to dry in a laminar flow hood. The purpose of using the 
spray device was to avoid clumps of bacteria cells. The RODAC plate method was 
used for cells recovery from MVX coated and uncoated tiles. Following light 
exposure, tiles samples were pressed against agar plate 30 seconds with a pressure 
of 14g/cm2 (300g / 21,1cm2). Plates were incubated overnight at 37 C̊.  
                                      
Figure 15 : Image of in-house micro-volume spray device used to spread bacteria on test surfaces. A glass Pasteur pipette 
was connected through a plastic tube and a 1 mL pipet tip to a syringe.  
 
3.4 Polymerase chain reaction  
3.4.1 Background 
 
The PCR (Polymerase Chain Reaction) is a technique, used especially in molecular 
biology, to amplify a specific region of a DNA sequence. Developed in 1983 by Kary 
Mullis, who was awarded the Nobel prize in chemistry along with Michael Smith in 
1993, PCR is a methodology adopted in clinical and research laboratories for a 
broad variety of application. A basic PCR set up requires several components and 
reagents including: 
 DNA template which contains the target sequence to amplify. 
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 DNA polymerase, an enzyme that catalyses the new DNA strand synthesis. It 
is crucial that the enzyme is heat-resistant to remain efficient after the high-
temperature DNA denaturation stage.  
 The forward and reverse primers that are complementary to the 3’ ends of 
each of the sense and anti-sense strands of the DNA target. The primers 
provide an initiation site, before and after the DNA target, for the polymerase 
enzyme. The enzyme can only bind to and start the elongation from a 
protruding end  double-strand DNA. 
 Deoxynucleotide triphosphates or dNTPs, the building blocks that DNA 
polymerase enzyme uses to synthesise a new DNA strand. 
 A buffer solution where the polymerase enzyme find  an optimum activity and 
stability. 
 Bivalent cations, typically magnesium (Mg). 
 
The PCR technique is based on thermal cycling, exposing all reagents and 
components to cycles of repeated heating and cooling, promoting different 
temperature-dependent reactions. Typically, PCR consists of a series of 20-40 
cycles. An initiation step, heating the reaction chamber to a temperature of 94–96 °C, 
is required for the heat activation of DNA polymerase. Any cycle is made of three 
different steps: 
1. Denaturation: This result in melting the double strand DNA template, 
breaking the hydrogen bonds of complementary bases, yielding two single 
strand DNA molecules. 
2. Annealing: At this step, the two primers bind to complementary single strand 
DNA region. It is critical to determine a proper temperature for the annealing 
step because efficiency and specificity are strongly affected by the annealing 
temperature. This temperature must be low enough to allow 
for hybridization  of the primer to the strand, but high enough for the 
hybridization to be specific, i.e., the primer should bind only to a fully 
complementary part of the strand, and nowhere else. 
3. Extension: It is the step where the DNA polymerase adds to the primers free 
dNTPs from the reaction mixture that are complementary to the DNA single 
strand template in the 5'-to-3' direction. It leads to the creation from a single 
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strand of DNA molecule two identical double strand DNA.  With each 
successive cycle, the original template strands plus all newly-generated 
strands become template strands for the next round of elongation, leading to 
exponential amplification of the specific DNA target region. 
 
The final elongation step is optional,  to ensure that any remaining single-stranded 
DNA is fully elongated. 
 
3.4.2 Bacterial genomic DNA isolation  
 
The Staphylococcus aureus wild type, superoxide dismutase and catalase mutants 
genomic DNA was extracted using the Norgen Biotek Corp. DNA isolation kit. The 
protocol was made of four main steps: lysate preparation, binding to the column, 
washing bound DNA and elution of clean DNA.  
For the first step, 1mL of overnight bacterial cultures were centrifuged at 17500 G for 
2 minutes. The supernatant was poured off gently to not dislodge the pellet. A 
volume of 250 µL of solution A was added to the cells which were resuspended by 
gentle vortexing. Subsequently, 12 µL of lysozyme solution (1.7 x 107 units/mL) was 
added and the solution was mixed well. A volume of 250 µL of Lysis buffer and 12 µL 
of Proteinase k was added then the cell suspension was incubated 2h at 37º C. 
The binding of DNA to the column was achieved adding by 500 µL of solution BX to 
the lysate. After mixing, an equal volume of ethanol was added. A spin column was 
assembled with a collection tube and the suspension was centrifuged for 1 minute at 
5700 G. After centrifugation the flow through was discarded.  
 To wash the DNA bound to the column, two washing with 500 µL of Wash solution A 
(previously mixed with 42 mL of ethanol) were made. A final centrifugation was done 
for 2 minutes at 17500 G in order to dry totally the column.  
For the last step, the spin column (with DNA bound) was assembled with the elution 
tube. A volume of 200 µL of elution buffer B was pipetted into the centre of column 
bed and the column was centrifuged for 1 minute at 6,000 RPM. The column was 
centrifuged a second time at 17500 G for 2 minutes. The elution was re-added to the 
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plate and another centrifugation was conducted to improve the yield. The purified 
genomic DNA of three strains was stored at 4 º C 
3.4.3 DNA quantification  
 
An Epoch plate reader was used together with a Take3 plate to measure the 
samples absorbance at 260 and 280 nm. An aliquot of 2 µl of sample was spotted on 
the plate and measured after alignment of the plate. All the measurements were 
duplicated to ensure reproducibility of the method. Gen5 software was used to 
collect and analyse data. 
Wild type 
 
Catalase mutant 
 
SOD mutant 
1 2 1 2 1 2 
 
0.054 0.052 260nm 
 
0.037 0.039 260nm 
 
0.022 0.022 260nm 
0.033 0.034 280nm 
 
0.022 0.023 280nm 
 
0.014 0.014 280nm 
1.599 1.552 260/280 
 
1.667 1.689 260/280 
 
1.581 1.582 260/280 
53.55 51.59 ng/µL 
 
37.08 38.64 ng/µL 
 
21.96 21.77 ng/µL 
 
 
Table 1: Absorbance of elution solutions monitored at 260 nm and 280 nm following the bacterial genomic isolation step 
for DNA quantification. The dsDNA absorb at 260 nm, the ratio A260 / A280 is an index of protein contamination. For DNA 
the ratio should be between 1.6 -1.8, higher ratios indicate protein contamination.   
 
3.4.4 Primers design 
 
The website https://www.ncbi.nlm.nih.gov/gene/ was used to obtain the correct 
sequence of the two SOD genes and catalase gene present in the wild type strain. 
The sequences, reported below, were pasted in http://www.bioinformatics.nl/cgi-
bin/primer3plus/primer3plus.cgi. The software suggests several couples of forward 
and revers primers with CG (cytosine and guanine) percentage of 45-50% to amplify 
the target sequence. The parameters that must be taken into account to design 
efficient primers are: 
 Length: Usually, primers are made of 15-25 nucleotides. Length affects the 
temperature and duration of the annealing step. 
 % G-C bases: Cytosine and guanine can make three hydrogen bonds 
instead of two between adenine and thymine hence, the annealing 
temperature is affected by the percentage of C-G. 
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 Repetition: The presence of repetition of one nucleotide especially at 3’ end 
makes the primer less specific against the target sequence. 
Below are the sequences of the genes examined and the sequences of forward and 
reverse oligo used to amplify catalase and superoxide dismutase genes with the 
PCR technique (Figure 16, 17 and 18): 
 
  
Figure 16 : DNA sequence of Sod A gene of Staphylococcus aureus NCTC 8325 present in NCBI database. Below, the 
forward and reverse primers sequences used to amplify most of the encoding sequence. Highlighted the DNA region where 
the forward and the reverse primers bind to the DNA target during the annealing step of PCR. The amplicon resulted 490 
bp. 
[ Staphylococcus aureus subsp. aureus NCTC 8325 ] 
Sod A gene: 
SAOUHSC_00093 superoxide dismutase 
superoxide dismutase Gene ID: 3919804 
ATGGCATTTAAATTACCAAATTTACCATATGCATATGATGCATTGGAACCATATATAGATCAAAGAACAA 
TGGAGTTTCATCACGACAAACATCACAATACGTACGTGACGAAATTAAACGCAACAGTTGAAGGAACAGA 
GTTAGAGCATCAATCACTAGCGGATATGATTGCTAACTTAGACAAGGTACCGGAAGCGATGAGGATGTCA 
GTCCGTAATAATGGCGGTGGTCATTTTAACCATTCATTATTCTGGGAAATACTATCACCTAATTCTGAAG 
AAAAAGGTGGCGTAATAGATGACATCAAAGCGCAGTGGGGCACTTTAGATGAATTTAAAAATGAATTTGC 
AAATAAAGCAACAACATTATTTGGATCAGGTTGGACTTGGTTAGTTGTTAATGATGGCAAATTAGAAATT 
GTGACAACGCCAAACCAAGATAATCCATTAACAGAAGGCAAAACACCAATCTTACTATTTGATGTTTGGG 
AGCATGCCTACTATCTGAAATATCAAAATAAACGTCCAGACTATATGACTGCATTTTGGAACATTGTTAA 
CTGGAAAAAAGTTGATGAATTATACCAAGCAGCAAAATAA 
Sod A Forward: GCATATGATGCATTGGAAC   
Sod A Reverse:  GTAGGCATGCTCCCAAACAT   
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Figure 17 : DNA sequence of Sod M gene of Staphylococcus aureus NCTC 8325 present in NCBI database. Below, the 
forward and reverse primers sequences used to amplify most of the encoding sequence. Highlighted the DNA region where 
the forward and the reverse primers bind to the DNA target during the annealing step of PCR. The length of the PCR 
product (amplicon) resulted 468 bp (pair of bases). 
Sod M gene: 
SAOUHSC_01653 superoxide dismutase      
superoxide dismutase Gene ID: 3920105 
ATGGCTTTTGAATTACCAAAATTACCATACGCATTTGATGCATTAGAACCACATTTTGACAAAGAAACTA 
TGGAAATTCACCATGACAGACATCATAACACGTATGTTACGAAATTAAATGCTGCAGTAGAAGGTACAGA 
TTTAGAATCTAAATCTATTGAAGAAATTGTTGCTAATTTAGACAGTGTACCAGCTAACATCCAAACTGCT 
GTACGTAATAATGGCGGTGGACATTTAAACCATTCATTATTCTGGGAGTTACTTTCACCAAACTCAGAAG 
AAAAAGGTACTGTAGTAGAAAAAATTAAAGAACAATGGGGTTCTTTAGAAGAATTTAAAAAAGAATTTGC 
TGACAAAGCAGCTGCACGCTTTGGTTCAGGTTGGGCTTGGTTAGTCGTAAACAATGGCCAGTTAGAAATT 
GTGACTACACCAAACCAAGATAATCCATTAACTGAGGGTAAAACACCTATTTTAGGTTTAGACGTATGGG 
AACACGCTTATTACCTAAAATATCAAAACAAACGCCCTGACTACATTGGCGCATTTTGGAATGTAGTTAA 
CTGGGAAAAAGTTGACGAATTATATAATGCAACAAAATAA 
Sod M Forward: GGAAATTCACCATGACAGAC   
Sod M Reverse:   CCAATGTAGTCAGGGCGTTT      
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Figure 18 : DNA sequence of Cat gene of Staphylococcus aureus NCTC 8325 present in NCBI database. Below, the forward 
and reverse primers sequences used to amplify most of the encoding sequence. Highlighted the DNA region where the 
forward and the reverse primers bind to the DNA target during the annealing step of PCR. The length of the PCR product 
(amplicon) resulted 994 bp (pair of bases). 
 
 3.4.5 Reaction mixture assemblage and the PCR process  
 
The PCR was carried out using the  Geneflow Limited FastGene Optima Hotstart 
ReadyMix kit. It is a blend of Taq polymerase and an engineered archaeal (B-family) 
DNA polymerase. This two-enzyme system is designed to support robust, long-range 
[Staphylococcus aureus subsp. aureus NCTC 8325] 
Catalase gene: 
SAOUHSC_01327 catalase  
Catalase Gene ID: 3920192 
ATGCAAGATATTTACTTTTTAGAGCAAATGTCTCAATTTGATAGAGAAGTAATACCAGAACGTCGAATGC 
ATGCCAAAGGTTCTGGTGCATTTGGGACATTTACTGTAACTAAAGATATAACAAAATATACGAATGCTAA 
AATATTCTCTGAAATAGGTAAGCAAACCGAAATGTTTGCCCGTTTCTCTACTGTAGCAGGAGAACGTGGT 
GCTGCTGATGCGGAGCGTGACATTCGAGGATTTGCGTTAAAGTTCTACACTGAAGAAGGGAACTGGGATT 
TAGTAGGGAATAACACACCAGTATTCTTCTTTAGAGATCCAAAGTTATTTGTTAGTTTAAATCGTGCGGT 
GAAACGAGATCCTAGAACAAATATGAGAGATGCACAAAATAACTGGGATTTCTGGACGGGTCTTCCAGAA 
GCATTGCACCAAGTAACGATCTTAATGTCAGATAGAGGGATTCCTAAAGATTTACGTCATATGCATGGGT 
TCGGTTCTCACACATACTCTATGTATAATGATTCTGGTGAACGTGTTTGGGTTAAATTCCATTTTAGAAC 
GCAACAAGGTATTGAAAACTTAACTGATGAAGAAGCTGCTGAAATTATAGCTACAGATCGTGATTCATCT 
CAACGCGATTTATTCGAAGCCATTGAAAAAGGTGATTATCCAAAATGGACAATGTATATTCAAGTAATGA 
CTGAGGAACAAGCTAAAAACCATAAAGATAATCCATTTGATTTAACAAAAGTATGGTATCACGATGAGTA 
TCCTCTAATTGAAGTTGGAGAGTTTGAATTAAATAGAAATCCAGATAATTACTTTATGGATGTTGAACAA 
GCTGCGTTTGCACCAACTAATATTATTCCAGGATTAGATTTTTCTCCAGACAAAATGCTGCAAGGGCGTT 
TATTCTCATATGGCGATGCGCAAAGATATCGATTAGGAGTTAATCATTGGCAGATTCCTGTAAACCAACC 
TAAAGGTGTTGGTATTGAAAATATTTGTCCTTTTAGTAGAGATGGTCAAATGCGCGTAGTTGACAATAAC 
CAAGGTGGAGGAACACATTATTATCCAAATAACCATGGTAAATTTGATTCTCAACCTGAATATAAAAAGC 
CACCATTCCCAACTGATGGATACGGCTATGAATATAATCAACGTCAAGATGATGATAATTATTTTGAACA 
ACCAGGTAAATTGTTTAGATTACAATCAGAGGACGCTAAAGAAAGAATTTTTACAAATACAGCAAATGCA 
ATGGAAGGCGTAACGGATGATGTTAAACGACGTCATATTCGTCATTGTTACAAAGCTGACCCAGAATATG 
GTAAAGGTGTTGCAAAAGCATTAGGTATTGATATAAATTCTATTGATCTTGAAACTGAAAATGATGAAAC 
ATACGAAAACTTTGAAAAATAA 
Cat Forward: AAAGGTTCTGGTGCATTTGG   
Cat Reverse:   AATGTGTTCCTCCACCTTGG  
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and sensitive PCR. The 2x ReadyMix contains FastGene Optima DNA Polymerase 
blend (0.625 U per 25 µL reaction), FastGene Optima buffer (1x), dNTPs (0.3 mM of 
each dNTP at 1x), MgCl2 (2.0 mM at 1x) and stabilizer.  
 
Component 25 µL Final volume Final concentration 
PCR-grade water Up to 25 µL N/A 
2x ReadyMix with dye 12.5 µL 1x 
Forward primer 1.25 µL 0.5 µM 
Reverse primer  1.25 µL 0.5 µM 
Template DNA  1 - 2 µL 50 ng 
 
Table 2 : List of components with final concentration of reagents of PCR reaction.  
 
The PCR reaction was performed with a labcycler provided by Geneflow with the 
following cycling protocol: 
Step Temperature Denaturation Cycles  
Initial 
denaturation 95˚C 5 min 1 
Denaturation  95˚C 15 sec 
 
40 
Annealing 55˚C 15 sec  
Extension 72˚C 3 min 
Final extension 72˚C 5 min 1 
 
Table 3: PCR program used for amplifying Staphylococcus aureus cat, Sod A and Sod M genes. Initial denaturation for 5 min 
at 95 ºC, recommended for GC-rich targets (>65% GC), was used.  
 
The extension time was calculated based on the extension of the DNA fragments to 
amplify and the efficiency of the Taq Polymerase (1min/kb). 
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The PCR prodoucts were loaded on 0.7% agarose gel  and the electrophoresis run 
was carried out with Mupid-One Submarine Electrophoresis System supplied by 
Geneflow.  
TBE 1x was used as running buffer. To allow the visualization of migrated nucleic 
acids, ethidium bromide (0.5 µg/mL) was added to agarose gel. This planar molecule 
is inserted (interleaved) between the bases of the double-stranded nucleic acid and 
emits fluorescent light when irradiated with ultraviolet light.  
The gel/sample was finally analyzed with Fastgene Blue LED illuminator obtained 
from Geneflow. 
 
3.5 Experimental set up  
 
The photocatalytic experiments were carried in a purpose-designed photoreactor 
(Fig. 19). This consisted of two identical rectangular boxes equipped with a lid that 
could be unfastened to allow ease of access to petri dish samples (4 per box). The 
photoreactor was equipped with a black-light UV-A fluorescent lamp (tubular lamp 
~50 cm length, 26 mm diameter, Philips 8W/BLB, wavelength () +/- 360 nm) 
positioned ~4 cm above the petri dish in the centre of each box. Inside the irradiation 
compartment, local measurements of the irradiance were made using a radiometer 
(ILT 1700, International Light Technologies) equipped with SED 033 sensor 
calibrated with appropriate filters. The spatial distribution of light intensity across the 
four petri dishes was found to be uniform within a measurement error of +/- 2% of 
irradiance. The boxes were placed on a platform rocker (Stuart Scientific, UK, 3D 
Rocking platform, Model STR9) operated at a frequency of 5 rev min-1. The petri 
dishes containing the glass slides (with and without TiO2 coating) contained 15 ml of 
sterile deionised water. The liquid depth in the petri dishes was ~ 2 mm from the 
bottom surface. Samples were exposed at a controlled irradiance intensity of 1 mW 
cm-2 +/- 0.05 mW cm-2, 2 mW cm-2 +/- 0.05 and 4 mW cm-2 +/- 0.05 mW cm-2. The 
irradiance was modified regulating the lamp electrical power. 
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Figure 19 . Illustration of photo-reactor set-up for ROS production and inactivation of bacteria in aqueous solution. The 
schematic does not show the box containing the lamp which was positioned on the platform rocker and only one petri-dish 
is shown in order to keep the image clear (image is not to scale). 
 
To evaluate the  antimicrobial effect of photocatalytic coatings when bacteria are on 
a dry surface, the irradiation process was carried out in a temperature and humidity 
controlled reactor chamber (Figure 20). Standard trials were carried out at a relative 
humidity of 85% and 20% and a fixed temperature of 25 ˚C. 
  
                   
Figure 20. Schematic representation of temperature and humidity controlled reactor chamber. A syringe pump was 
connected to the mixing chamber. Water was dripping at a constant rate on the hot plate. A fan allowed air circulation 
through the three sealed boxes equipped with fluorescent lamps.  
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Relative humidity (RH) was regulated either using a hot plate and the rate of water 
evaporated into an air stream flowing through the mixing chamber to increase the 
relative humidity, or with Lithium Iodide (LiI 3H2O) salt to reach the 20% RH. Air 
dehumidification can be achieved by two methods : (1) cooling the air below its dew 
point and removing moisture by condensation, or (2) sorption by a desiccant material. 
A desiccant is a hygroscopic substance that induces or sustains a state of dryness in 
its vicinity. 
A wireless Omega logger humidity/temperature sensor (model OM-62)[omega Ltd, 
UK] was placed in the sealed box during any experiment. Data recorded by the 
sensor were transferred to Omega Logger Interface Program. 
 
3.6 Photocatalytic activity determination 
 
Degradation of Indigo trisulfonate (ITS) in aqueous solution was used to evaluate the 
photocatalytic activity of the prepared coatings. It is a commonly used redox 
indicator. The indigo molecule has only one C=C double bound which is highly 
reactive with the ROS produced during the photocatalytic process. Photocatalytic 
lysis of the reactive C=C bond eliminates the absorbance at 600nm (Dorta‐
schaeppi & Treadwell, 1949). In the following description, “degradation” refers to the 
breakdown of the chromophore part of the dye, without implying complete 
mineralization.  
A stock solution 0.1 mM in water was made. Fresh test solutions VF = 500 mL at 
different pHs were prepared as indicated in table 4. A volume of 15 mL of test 
solution was poured in each Petri dish with and without photocatalytic test coatings. 
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pH = 3 pH = 7 pH = 10 
20 mL stock solution 20 mL stock solution 20 mL stock solution 
5 g sodium phosphate 
monobasic 
2.34 g potassium 
phosphate monobasic 
3.09 g boric acid 
3.5 mL phosphoric acid 
9.18 g sodium phosphate 
dibasic 
1.3 g sodium hydroxide 
476.5 mL H2O 480 mL H2O 480 mL H2O 
 
Table 4: Chemical composition of indigo trisulfonate in aqueous solution at pH 3, pH 7 and pH 10.  
 
During the irradiation process a 0.5 mL sample of indigo solution was taken every 
hour and indigo concentration was determined spectrophotometrically. The 
absorbance was monitored at 605 nm with a spectrophotometer (Shimazdu, UV Mini 
1240). The optical density of serial dilutions from the working solution was monitored 
and used to draw the calibration curve (Figure 21). 
 
             
  
Figure 21: Calibration line of  indigo trisulfonate. Serial dilutions from the stock solution were made and the absorbance at 
605nm was monitored. Each dot represents the mean of three measurements.  
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3.7 Hydroxyl radical quantification 
 
The hydroxyl radical rate of production of Degussa coatings was obtained by 
monitoring the reaction of radicals with terephthalic acid (TPA). In alkaline aqueous 
solution, terephthalic acid produces terephthalic anions which react with hydroxyl 
radicals, to produce highly fluorescent hydroxyl-terephthalate ions (Figure 22) 
(Mason et al., 1994). The challenge in •OH radical quantification is related with the 
short lifetime ( ̴ 1ns) of the radical which makes direct quantification almost 
impossible. The utilization of fluorescent probes is not the only detection method 
adopted for •OH in photocatalysis. Direct fluorescence (just to detect •OH radicals in 
the atmosphere), various ESR observations and chemiluminescence are some other 
methods adopted in order to quantify the hydroxyl radical. However, the use of 
chemical probe to capture •OH radicals is a convenient way to quantify the radical 
due to the low cost, rapid analysis time and reproducibility of the method. The 
competitive presence of various endogenous reactive species, capable of interfering 
with the probe in biological matrices is the main drawback in using fluorescent 
probes. 
Monitoring the formation of a fluorescent product, allows the concentration of •OH 
radicals to be calculated based on stoichiometric ratios of product formed, which is 
also easy to perform.     
A solution 2mM of TPA in phosphate buffer was made and a volume of 15mL was 
poured in each petri dish. The fluorescence of each sample was measured using a 
Perkin-Elmer LS-50 luminescence spectrometer with an excitation wavelength of 315 
nm analysing the emission at 425 nm.  
             
Figure 22: Mechanism of reaction for the formation of hydroxyterephthalate anion in presence of hydroxyl radicals. 
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The fluorescent 2-hydroxyterephthalic acid probe was bought from Sigma, UK. To 
obtain a calibration plot, a stock solution 2 mM in phosphate buffer was prepared 
and serial dilutions were made. The fluorescent signal of dilutions from the stock 
solution was monitored and used to draw the calibration line (Fig 23). 
        
Figure 23 : Calibration line of fluorescent 2-hydroxyterephthalic acid, final product of chemical reaction between 
terephthalic acid molecules and hydroxyl radicals produced during the photocatalytic process. A single point represent the 
mean of three distinct measurements. 
 
3.8 Quantification of total intracellular ROS  
  
The determination of intracellular ROS generated by TiO2 coatings in the presence of 
UV-A light was estimated using 2,7 dichlorofluorescein diacetate (DCFH-DA) (Das et 
al., 2017). DCFH-DA is a probe widely used especially for detecting intracellular 
oxidative stress. The molecule’s chemical  structure makes this probe cell-permeable. 
After DCFH-DA passively enters  the cell, it is hydrolysed by intracellular esterase to 
non-fluorescent DCFH, which is retained in the cell. The two-electron oxidation of 
DCFH results in the formation of a fluorescent product, 2, 7-dichlorofluorescein 
(DCF*). 
A stock solution of DCFH-DA 10 mM in methanol was prepared and kept at -80°C in 
the dark. Before illumination, bacterial cells at a concentration of 2.5 *106 CFU mL-1 
were centrifuged and the pellets re-suspended in 2 mL PBS. An aliquot of DCFH-DA 
stock solution was added to the bacterial suspension and incubated at 37°C for 1h 
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under agitation. The solution was then centrifuged, the supernatant was discarded 
and bacteria re-suspended in 1mL ultrapure sterile water. After exposure to light the 
bacterial suspention was collected and centrifuged, the supernatant was discarded 
and the bacteria  were re-suspended 500 µL alkaline solution (0.2 M NaOH  1% SDS) 
and 1 mL Tris-HCl 40 mM pH 7.4.  
Fluorescence intensity was monitored at excitation 488 nm and emission at 525 nm 
after roughly 15 minutes. To convert the fluorescent signal obtained to the final 
concentration of probe oxidized, a calibration plot using fluorescent 2, 7-
dichlorofluorescein DCF* (Sigma, UK) was drawn (Figure 24). 
       
Figure 24: Calibration line of 2, 7-dichlorofluorescein (DCF*), fluorescent final product of oxidative reaction  of 2,7 
dichlorofluorescein diacetate (DCFH-DA).  
 
3.9 Hydrogen peroxide quantification 
 
The aqueous H2O2 concentration was measured by allowing hydrogen peroxide to 
react with a titanium sulfonate reagent to produce pertitanic acid, which is yellow in 
colour. The chemical reaction leading to the pertitanic acid formation is shown below. 
Ti4+ + H2O2 + 2 H2O → H2TiO4 (pertitanic acid) + 4H+ 
The method is specific to H2O2 and not subject to interference from other compounds 
present in water, while working under strong acidic condition. Lambert-Beer’s law is 
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followed and the yellow colour intensity is proportional to the H2O2 concentration 
giving a linear relationship (Machala et al., 2013). The reaction is effectively 
instantaneous and the yellow-coloured complexes are stable for at least 6 hours 
(Eisenberg, 1943). It is a colorimetric method and a spectrophotometer was used to 
read the absorbance at 407 nm.  
To correlate the concentration of hydrogen peroxide formed during the photocatalytic 
process to the optical density value, a calibration plot was obtained (Figure 25). A 
volume of 10 µL of titanium sulfate reagent was added to a volume of 1 mL of serial 
dilution of hydrogen peroxide in pure water. 
                
Figure 25: Hydrogen peroxide concentration versus optical density absorbance. Each point represent the mean of three 
measurements.  
 
3.10 Confocal microscopy 
 
The confocal microscope performs better than a conventional optical microscope. 
The two-dimensional images are clearer compared to those acquired with a 
conventional microscope of equal characteristics; moreover its working principle 
allows to reconstructions of three-dimensional samples under observation to be 
carried out.  A system of dichroic lenses and mirrors focuses the laser light beam 
and allows scanning of the region of interest of the sample under observation. The 
light emitted or reflected by the sample is focused from the microscope objective and 
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collected using a system of two photomultipliers. A long the optical path of this light 
beam is interposed a small circular aperture (pinhole) that shields part of the 
radiation from the sample, mainly the light coming from the out-of-focus planes. The 
light coming from the plane in focus is not screened and is collected by the system 
photomultipliers, contributing mostly to form the final image observed. The result is 
that the final image is mainly produced by light coming from a narrow section of the 
sample, that is from the one next to the plan a fire, and only in a small percentage 
from that coming from the out-of-focus floors. 
The CLSM instrument used was a Nikon inverted Microscope ECLIPSE TE300 with 
Bio-Rad RAD200 scan head (Zeiss, Oberkochen, Germany) and 40X-0.75NA 
objective lenses (Tokyo, Japan). The system consists of  scan head, argon-ion laser 
(wavelength = 488 nm, 100 mJ), photomultiplier tubes (256 X 256 pixels, 8-bit 
resolution) and a computer with Laser Sharp 2000 software (Figure 26). The 
software made possible  to display up to four image acquisition windows at a time. 
In the screen shot below (Figure 26), each quadrant represented a display from the 
Red, Green and the lower right pane represented the merged display of the other 
two channels. Images presented in this study were acquired from the merge pane. 
               
Figure 26: Image of interface of Laser Sharp 2000 software. On the right hand side of the screen the control  panel tool box 
divided into three sections: top third for confocal instrument control functions;  middle third for control of laser, PMT and 
confocal aperture for each channel  and  bottom third for control of Z stepper motor. The image display windows was 
composed of three panel:  the green (top left) , the red (top right) and the merge panel on the bottom. 
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LIVE/DEAD® Bacterial Viability Kit (BacLight™) (Termofisher scientific, UK) was used 
in conjunction with confocal microscopy to assess the antimicrobial effect of the 
photocatalytic processes in suspension and on a dry surface. 
The LIVE/DEAD BacLight Bacterial Viability Kits utilize mixtures of SYTO® 9 green-
fluorescent nucleic acid stain and the red-fluorescent nucleic acid stain, propidium 
iodide. These stains differ both in their spectral characteristics and in their ability to 
penetrate healthy bacterial cells. The excitation/emission maxima for these dyes are 
approx. 480/500 nm for SYTO 9 stain and 490/635 nm for propidium iodide. SYTO 
9™ penetrates all bacterial membranes and stains the cells green, while propidium 
iodide only penetrates cells with damaged membranes, and the combination of the 
two stains produces red fluorescing cells.  
Glucose solution, as external energy source for bacteria, was pipetted with a 
concentration of 2 µg cm-2 on the test surfaces before bacterial deposition and 
allowed to dry. An aliquot (1.5 µL) of each fluorescent probe was added to 1 mL of 
sterile water. The solution was mixed thoroughly and deposited at the end of the 
UVA light exposure time on the sample surfaces where previously bacteria cell were 
spread. The test surfaces were placed in the dark in a laminar flow hood and allowed 
to dry. The test surfaces were finally observed under the confocal microscopy. In 
order to assess the bacterial response to photocatalytic treatment in solution, after 
the illumination time, the bacterial suspension was centrifuged, the supernatant 
discarded and bacteria cell pellet resuspended in 200 µL of water. An aliquot of 
bacterial suspension was deposited on a microscope glass slice and allowed to dry 
in a laminar flow hood. A mix solution of 1mL of water with 20 µL of each fluorescent 
probes was then pipetted onto test surface and allowed to dry. 
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CHAPTER 4: Photocatalytic inactivation 
of bacteria suspended in water using 
UVA light 
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4.1 Introduction 
 
Most previous studies demonstrating the antibacterial action of titania have been 
done using a turbid suspension of bacteria mixed with titania particles, in which the 
irradiance per particle was  ill-defined and endocytosis of the titania nanoparticles 
may have also been toxic to the suspended cells (Huang et al., 2000a).  
In the present study titania nanoparticles were deposited as immobilized surface 
coatings on a glass substrate and exposed to UVA light at low (1 mW cm-2), medium 
(2 mW cm-2) and high irradiances (4 mW cm-2). The photocatalytic coatings were 
prepared using a dip-coating technique. Spin coating was also investigated however, 
this procedure did not yield homogenous TiO2 films (data not shown). The 
rectangular shape of borosilicate glass microscope slides was an important limitation 
for adopting this coating technique. There are many previous publications where 
important parameters such as withdrawal speed, viscosity of coating solution 
prepared and evaporation conditions were carefully evaluated for controlling the 
coating structure e.g. thickness, agglomerate formation. The underlying physics and 
chemistry of  thin film formation by dip coating is discussed by Brinker (2013). The 
dip-coating technique was not examined in great detail in this study. The aim was to 
produce uniform photocatalytic coatings with different amounts of TiO2 catalyst 
immobilised on the surface.  
 
4.2 Production of titania coatings  
 
Figure 27 shows the increase in the amount of immobilized catalyst on the glass 
support following the number of dip coating cycles. One cycle was sufficient to get 
coatings of 0.1 mg +/- 0.05, repeating the process two or three times increased the 
catalyst amount to 0.3mg +/- 0.05 mg. The surface loading of catalyst on the support 
after each cycle was lower as the number of cycles increased. Between five and 
seven cycles were required to achieve a coating of 0.5 mg of TiO2 immobilised and 
ten or more cycles yielded a modest increase to get 0.7 mg of coating. The 
progressive reduction of the free surface of the glass support for the catalyst in 
suspension may explain the reduction in catalyst deposition with increasing cycles. 
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Figure 27. Amount of TiO2 catalyst immobilized on the glass support as a function of dip coating cycles. Each point 
represents the mean of ten replicates. Error bars represent one standard deviation. 
 
4.3 Indigo trisulfonate degradation 
 
The photocatalytic activity of TiO2 coatings with 0.1 mg (surface density 4 µg cm-2), 
0.3 mg (surface density 12 µg cm-2), 0.5 mg (surface density 20 µg cm-2) and 0.7 mg 
(surface density 28 µg cm-2) of catalyst was tested by monitoring the degradation of 
indigo trisulfonate (ITS) in aqueous solution (Fig. 28). Indigo carmine dye is a well 
known redox indicator. ITS degradation tests were carried out to yield preliminary 
information on the photocatalytic efficiency in the photoreactor set up, designed 
specifically for evaluating bacterial inactivation. The test was performed under UVA 
light at a controlled intensity of 1mW cm-2 (low intensity). 
The overall rate of ROS production and subsequently ITS degradation depended on 
the coating surface density. Hence, the fastest degradation was obtained with 0.7 
mg of deposited catalyst. However, there wasn’t a significant difference between 
coatings with the highest catalyst density and 0.5 mg coatings and also between 0.5 
mg and 0.3 mg coatings. The ITS degradation kinetics were found to follow the order 
kinetics, resulting in an exponential regression model (form aebt) for coatings with 
surface density of 28, 20 and 12 µg cm-2. The fitted parameters were calculated to 
be as follows: for the 28 µg cm-2 b = -0.60 hr-1, for the 20 µg cm-2 b = -0.35 hr-1 and 
for the 12 µg cm-2  b = -0.25 hr-1. The “a” value correspond to the initial concentration 
of indigo that was approximately the same for all the coatings tested (a = 60 µM). 
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The control (UV irradiation in the absence of TiO2 coating) showed a modest 
decrease in ITS concentration (Fig. 28). Data for controls and the 4 µg cm-2 TiO2 
coatings were fitted with a linear regression model and the ITS degradation rates 
were found to be 4.6 µM hr-1for the sample and 1.5 µM hr-1 for control.   
 
  
Figure 28. Indigo trisulfonate (ITS) degradation kinetics using 0.1 mg (surface density 4 µg cm-2, open circles), 0.3 mg 
(surface density 12 µg cm-2, open diamonds), 0.5 mg (surface density 20 µg cm-2, open triangles) and 0.7 mg (surface 
density  28 µg cm-2, open squares) TiO2 Degussa P25 coatings and TiO2 nanoparticles suspended in water at a concentration 
of 0.33 g l−1 (solid  circles) under 1 mW cm-2 UV light.  
 
Photocatalytic ITS degradation was also monitored when TiO2 nanoparticles were 
suspended in deionized sterile water at a concentration of 0.33 g l−1, corresponding 
to the amount of catalyst immobilised on the glass support for the 12 µg cm-2 
coatings. The unexpected slow ITS degradation rate ( 3.5 µM hr-1) was due to the 
difficulty of keeping TiO2 nanoparticles in suspension for the entire exposure time. 
Big aggregates were found at the bottom surface of the petri dish. Aggregate 
formation caused a drastic reduction in catalyst surface area available for ROS 
production. This was also an important further reason for using immobilized surface 
coatings instead of just TiO2 nanoparticles in solution.   
Results of the ITS degradation kinetics led to the selection of coatings with 
intermediate TiO2 catalyst surface density. Coatings with 0.1 mg of catalyst 
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immobilised were the only ones showing a linear regression model in ITS 
degradation. Coatings with the highest amount of TiO2 were not uniform. Increasing  
the number of dip coating cycles resulted in much more opaque coatings and 
formation of big catalyst aggregates on the glass surface (Figure 29) 
Moreover, the 28 µg cm-2 coatings required considerably longer times for coating. 
Once 0.4 - 0.5 mg of catalyst had been deposited, increasing coatings cycles 
number did not dramatically change the amount of the catalyst deposited on the 
surface.  
                           
Figure 29. Scanning Electron Micrograph (SEM) of glass microscope slides dip coated with TiO2 P-25 with a surface density 
of 28 µg cm-2. 
 
4.4 Polymerase chain reaction  
 
Polymerase chain reactions (PCR) were carried out to verify the presence of 
mutations in Staphylococcus aureus isogenic mutants defective in peroxide (SH1000 
ahpC/katA) and superoxide (SH1000 sodA/sodM) detoxification strains. The forward 
and reverse primers used for the PCR reactions were designed specifically to 
amplify almost the entire sequence of the three genes under consideration (section 
2.4.4). Homologous recombination (using temperature-sensitive vector pLTV and 
suicide plasmid pMKMTET) and phage Φ 11 transduction has been used to 
construct the SODs mutant (Karavolos et al., 2003). The SH1000 sodA/sodM strain 
resulted in an insertion mutant (i.e. it has a tetracycline cassette inserted which 
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disrupts the SodM gene). The peroxide detoxification SH1000 ahpC/katA  mutant 
strain was constructed by Cosgrove and coworkers (Cosgrove et al., 2007) by 
transformation of the strain SH1000. The genomic DNAs of Staphylococcus aureus 
wild type, catalase and SODs mutant strains were extracted and amplified with the 
specific primers in individual PCR reactions. 
 
                      
Figure 30. Picture of 0.7% agarose gel electrophoresis of PCR reaction products using primers for SodA (lane 2, 5 and 8) for 
SodM (lane 3,6 and 9) for Cat (lane 4,7 and 10). Staphylococcus aureus wild type (lane 2, 3 and 4 ) catalase mutant (lane 5, 
6 and 7)  and superoxide dismutase mutant (lane 8, 9 and 10) genomic DNA was used as template. DNA ladder is in line 1.  
 
The difference in the migration profile between the wild type (lane 2, 3 and 4) and the 
SH1000 sodA/sodM strain (lane 8, 9 and 10) attested to the difference in the DNA 
sequence regarding the two superoxide dismutase genes. It is clear that  SodA and 
SodM bands of SODs mutant strain migrated less than the corresponding bands of 
wild type, proving that the presence of inserts disrupts the integrity hence the 
functionality of the two genes in SOD mutant strain. Surprisingly, no differences were 
found between the wild type and the SH1000 ahpC/katA strain (lane 5, 6 and 7) in 
the PCR profiles. Further genetic analysis to carry out would have been sequencing 
all DNAs (wild type and catalase mutant) to find differences in DNA sequences not 
examined with the PCR (e.g. promotor). However, an easy and rapid test for 
checking the presence and the activity of catalase enzyme in the putative catalase 
mutant strain was carried out as a consequence of the PCR result (Duke and Jarvis, 
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1972). Colonies of SH1000 ahpC/katA strain were tested against a high 
concentration (~ 10 M) of hydrogen peroxide solution. Bacterial cells were lysed in 
H2O2 solution; the presence of the enzyme yielded molecular oxygen and was 
therefore a rapid test simply based on production of bubbles. S. aureus wild type 
strain was also tested as a positive control. The complete absence of bubbles with 
the SH1000 ahpC/katA strain was confirmed, whereas in the case of the wild type 
clear evidence of bubbling was noted. The result of PCR may be due to a mutation 
by an insertion that had not altered the size of the gene in such a way as to be 
observed with the PCR, or the insertion occurred upstream of the forward primer or 
downstream of the reverse primer. The result of catalase activity assay was 
unequivocal so there was no need for any further genetic investigation. 
 
4.5 Evaluation of the 12 µg cm-2 degussa coatings 
4.5.1 Photocatalytic activity of the coatings immersed in solution 
 
The hydroxyl radical production rate of 12 µg cm-2 TiO2 coatings was obtained by 
monitoring the rate of reaction of hydroxyl radicals produced during the 
photocatalytic process and terephthalic acid (TPA) reagent added to the solution (Fig. 
31). The hydroxyl radical production rate data showed a linear trend. At 1 mW cm-2 
the average rate of hydroxyl radical production was calculated to be 0.23 µM hr-1 (95% 
CI range 0.17 - 0.26 µM hr-1).   
The controls (UVA irradiation in the absence of TiO2 coating) showed no production 
of hydroxyl radicals (data not shown). 
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Figure 31. Hydroxyl radical production rate at 1 mW cm-2 UV light intensitiy using 12 µg cm-2 TiO2 P25 coatings on glass 
substrates immersed in aqueous solution. 
 
4.5.2 Photocatalytic inactivation of  E. coli ATCC 11303 and S. aureus SH1000 (wild 
type and mutants)  
 
At an irradiance of 1mW cm-2 over an exposure period of 8h, S. aureus wild type 
SH1000 strain was stable for both UV controls (without coatings) and samples 
exposed to UV light in the presence of TiO2 coatings producing ROS. The Gram 
negative E. coli showed only 1 log reduction in cell concentration but there was no 
appreciable difference in the number of colonies grown on LB agar for UV controls 
(no coating) and TiO2 coated samples at any of the measured time points suggesting 
no additional effect of TiO2 (data not shown). 
The S. aureus SH1000 ahpC/katA strain showed an inactivation trend really similar 
to E.coli strain. Again, the presence of TiO2 coatings did not affect bacteria viability 
greatly, UVA light alone resulted in a 90% reduction in viability (Fig. 32). 
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Figure 32. Staphylococcus aureus catalase mutant inactivation kinetics under 1 mW cm-2 UV light only (solid diamonds) and 
in the presence of 0.012 mg cm-2  TiO2 coatings (solid circles). Each point represents the average of eight replicates, and 
error bars represent single standard deviations. 
 
Conversely, the SH1000 sodA/sodM strain showed almost 1.5 log greater 
inactivation for bacterial samples exposed to UV light in the presence of TiO2 
photocatalytic coatings compared to UV controls with no coatings (Fig 33).  
 
        
Figure 33. Staphylococcus aureus SOD mutant inactivation kinetics under 1 mW cm-2 UV light only (solid diamonds) and in 
the presence of 0.012 mg cm-2  TiO2 coatings (solid circles). Each point represents the average of eight replicates, and error 
bars represent single standard deviations. 
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The inactivation kinetics data suggest that superoxide dismutase, that degrade •O2-, 
plays a significant role in affording protection against ROS produced by 
photocatalytic coatings at UVA irradiance of 1mW cm-2. 
However, the small difference in inactivation kinetics for SOD mutant (UVA only and 
UVA in the presence of coatings) in addition to no additional effect on the catalase 
mutant and on the two wild type strains indicated a small effect due to the 
photocatalytic coatings. To boost the ROS production rate the catalyst surface 
density and the UVA intensity were increased. 
 
4.6 Evaluation of the 20 µg cm-2 degussa coatings                         
4.6.1 Photocatalytic activity of the coatings immersed in solution 
  
The photocatalytic ROS production of  20 µg cm-2 TiO2 coated glass substrates was 
measured at low (1 mW cm-2) and high irradiances (4 mW cm-2) (Fig. 34). 
  
Figure 34. Hydroxyl radical production rate at different UV light intensities, LI 1 mW cm-2 (solid squares) and HI 4 mW cm-2 
(solid circles) using TiO2 P25 coatings on glass substrates immersed in aqueous solution.  
 
The photocatalytic activity of the coatings immersed in solution was tested by 
measuring the hydroxyl radical production rate. The TPA concentration used was in 
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excess (i.e. zero order concentration dependence) in comparison with the hydroxyl 
radicals produced during the photocatalytic process. Hence, the production rate of 
hydroxyl radicals in solution could be calculated from the gradient of the measured 
concentration of fluorescent hydroxyl-terephthalate (hTPA)  ions produced during 
photocatalysis.  
The hydroxyl radical production rate data at low (LI) and at high (HI) irradiance was 
found to be well correlated with a linear regression model. At LI the average rate of 
hydroxyl radical production was calculated to be 0.32 µM hr-1 (95% CI range 0.31 - 
0.33 µM hr-1) and at HI the average rate was 1.09 µM hr-1 (95% CI range 0.77 - 1.41 
µM hr-1). The rate of hydroxyl radical production appears to be proportionally related 
to the irradiance at the surface of the coatings. A four-fold increase in UVA intensity 
cased a 3.4 fold increase in the rate of hydroxyl radical production. The controls 
(UVA irradiation in the absence of TiO2 coating) showed no production of hydroxyl 
radicals (data not shown). Moreover, the rate of hydroxyl radical production is also 
related to the amount of TiO2 catalyst immobilised on the glass support. Indeed, the 
ROS production rate at low irradiance of 0.02 mg cm-2 coating resulted in  almost 1.5 
times higher rate of production than coatings with a TiO2 surface density of 12 µg 
cm-2 (0.32 µM  hr-1 versus 0.23 µM hr-1). 
 
4.6.2 Hydrogen peroxide detection 
 
The experiments discussed below and performed in parallel, were carried out to 
verify the effect of hydrogen peroxide on bacteria availability during the 
photocatalytic process.  
The concentration of hydrogen peroxide produced in aqueous solution during the 
photocatalytic process was monitored using the titanium sulfonate probe. During the 
8 hours exposure time at 1 mW cm-2 and also after one day of continuous 
illumination no traces of hydrogen peroxide were detected. Any hydrogen peroxide 
produced during the photocatalytic process was minimal and  below the threshold 
limit of detection (0.5 µM). 
The hydrogen peroxide minimum bactericidal concentration (MBC), which is the 
concentration resulting in microbial inactivation as defined by the inability to re-
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culture bacteria, was assessed using  two Staphylococcus aureus mutants strains. 
The choice of strains was due to a presumably higher sensitivity of mutants, 
especially the catalase mutant, toward the presence of hydrogen peroxide in 
aqueous solution. The MBC test (Fig. 35) was necessary to exclude the hypothesis 
that a low concentration of hydrogen peroxide, below the detection limit of the 
colorimetric method adopted, could result in bacterial inactivation.  
                                  
Figure 35. Minimum bactericidal concentration (MCB) test of hydrogen peroxide for Staphylococcus aureus SOD (on the 
left side)  and catalase (on the right side) mutant strains after eight hours of exposure time.  
 
The SH1000 ahpC/katA strain was more sensitive to the presence of hydrogen 
peroxide in solution in comparison to the SH100 sodA/sodM strain. The minimum 
bactericidal concentration found over an exposure time of 8 hours was around 10 
mM. Bacterial growth was affected down to a hydrogen peroxide concentration of 8.8 
µM; there was almost one log reduction compared to control samples. The minimum 
inhibitory concentration found was not far from the limit of detection of hydrogen 
peroxide with titanium sulfonate method (see hydrogen peroxide calibration line in 
material and methods section; Figure 25). Hence, a further test was performed to 
rule out the effect of hydrogen peroxide effect on bacterial inactivation. Petri dishes 
containing slides (with and without TiO2 coating) were placed inside the boxes and 
filled with 15 ml of sterile deionised water and illuminated with UVA lamp at 1 mW 
cm-2 for 8 and 24 hours.  Staphylococcus aureus mutant strains were added after  
the pre-illumination period time and left in the dark for 8 hours. No effect on SH1000 
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ahpC/katA strain (Fig. 36) and on SH1000 sodA/sodM strain (data not shown) was 
observed.  
         
Figure 36. Staphylococcus aureus catalase mutant inactivation kinetics in the dark after 24 h pre-illumination of Petri dishes 
containing slides with (black circles) and without TiO2 coating (grey diamonds). Each data point is the mean of eight 
samples. Error bars are one standard deviation. 
 
This results excluded any direct bactericidal effect of hydrogen peroxide in bacterial 
inactivation during treatment. Indeed, hydrogen peroxide that could have 
accumulated as one intermediate of photocatalytic process was not produced or was 
present at a concentration insufficient  to produce any direct effect. 
 
4.6.3 Physical characterisation of the coated glass slides 
 
The surface morphology of the coatings was visualised using SEM (Fig. 37). The 
TiO2 coated glass slides showed no significant changes in morphology between the 
starting P25 material suspended in ethanol and the deposited TiO2. The size of 
smallest aggregates on the slide surface were estimated to be ~ 200 nm (Fig. 37). 
The thickness of the coatings was typically ~3 µm. The TiO2 surface coverage 
indicated a relatively even distribution of the nanoparticles, although bare patches on 
the glass surface could be observed (Fig. 37). Complete surface coverage of the 
catalyst on the glass slide was difficult to achieve without dramatically increasing the 
number of coating cycles, which was considered impractical given the length scale of 
1,E+01
1,E+02
1,E+03
1,E+04
1,E+05
1,E+06
1,E+07
0 2 4 6 8
CF
U
/m
L
Time [hours]
67 
 
the randomly scattered uncoated glass areas were smaller than the size of a typical 
bacterium (~1 µm). Hence, bacteria adherent to the glass surface would 
nevertheless be in contact with or in the vicinity of the TiO2 nanoparticles. 
 
               
Figure 37. Scanning Electron Micrographs (SEM) of glass microscope slides dip coated with TiO2 P25 (images taken at 
different magnifications). Top left. TiO2 clusters deposited on the surface during the dip-coating process and the size of  
catalyst particles ~200 nm in size and coating thickness ~ 3 µm. Top right Side-view profile of the coatings. Bottom left and 
Bottom right. Overview of coatings observed at lower magnifications. 
 
4.6.4  Photocatalytic inactivation of  E. coli and S. aureus (wild type and mutants) 
and intracellular oxidative stress 
 
The inactivation kinetics of E. coli and S. aureus cells suspended in water and 
exposed to UVA light at 360 nm in the presence and absence of  20 µg cm-2 TiO2 
coated glass substrates was studied at low (1 mW cm-2) and high irradiances (4 mW 
cm-2). 
4.6.4.1  Inactivation kinetics and intracellular oxidative stress for E.coli 
 
The photocatalytic inactivation of Escherichia coli cells at low irradiance over an 
exposure period of 8h was monitored using two different solid growth media: LB 
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(Luria-Bertani) agar and BHI (Brain Heart Infusion) + 5% horse blood agar. The E. 
coli UV control samples showed almost 2 log reductions in viability while bacterial 
samples dropped 3.5 log in cell concentration when plated on LB agar (Fig 36). 
Surprisingly, on BHI blood media E. coli was stable for both UV controls (without 
coatings) and samples exposed to UV light in the presence of TiO2 coatings that 
produced ROS (Fig. 38).  
 
  
Figure 38. Escherichia coli inactivation kinetics under UV light only (BHI blood agar, open diamonds; LB agar, solid 
diamonds) and in the presence of TiO2 coatings (BHI blood agar, open circles; LB agar, solid circles). Triangles (BHI blood 
agar, green; LB agar, blue) indicate data for controls in the dark. Each point represents the average of eight replicates, and 
error bars represent single standard deviations. 
 
Complete inactivation of E. coli was observed after a period of 24 h exposure (LI) in 
the presence of TiO2 coatings when bacterial suspensions were spotted on LB agar 
at the end of the process (Fig. 39). Although a total inactivation was not achieved, 
drastic reduction in the number of viable cells (4.5 log) was observed in bacterial 
samples plated onto BHI blood agar (Fig 39). Once again, differences in the number 
of  bacterial cells were found when using LB agar or BHI blood agar. Over a period 
of 24 h, 1 mW cm-2 UVA exposure without photocatalytic coatings, there was a 2 log 
greater killing of E.coli observed on LB agar compared with bacteria cultured on BHI 
blood agar (Fig 39). 
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Figure 39. Escherichia coli inactivation on LB agar (dark bars) and on BHI blood agar (light bars) after 24 hours at LI UVA 
with and without TiO2 coatings. N.d. not detectable. * indicates statistically significant differences (p < 0.05). 
 
The kinetics of inactivation of E. coli cells under high irradiance (HI) UVA were 
studied using BHI blood agar only as growth media. Over a period of 4 h at HI E. coli 
was relatively stable (only 1 log reduction) with no difference between UV controls 
and samples in the presence of photocatalytic coating. After 6 h exposure, there was 
a further 1 log decrease in viability. Once again, there was no discernible difference 
between the cell counts for UV controls (no coating) and TiO2 coated samples (Fig. 
40). 
     
Figure 40. Escherichia coli inactivation under HI UV light only (open diamonds) and in the presence of TiO2 coatings (open 
circles). Each point represents the average of eight replicates, and error bars represent single standard deviations. 
1,E+01
1,E+02
1,E+03
1,E+04
1,E+05
1,E+06
1,E+07
UV with coating UV only Unilluminated
CF
U
 /
m
L
BHI blood
LB
1,E+01
1,E+02
1,E+03
1,E+04
1,E+05
1,E+06
1,E+07
0 60 120 180 240 300 360
CF
U
/m
L
Time [min]
n.d. 
* 
* 
* 
70 
 
The irradiance E. coli cells for 8 hours at LI resulted in low intracellular levels of 
oxidised DCF probe. Test of statistical significance (t-student test) indicated a 
difference (p<0.05) between the UV controls and the TiO2-coated samples hence, an 
additional effect of photocatalytically produced ROS in increasing the intracellular 
oxidative stress was observed (Fig. 41). 
Intracellular levels of DCF* were measured in E.coli  after being exposed to the 
same dose (intensity multiplied by exposure time) but at different UV light intensities. 
The concentration of DCF* inside bacterial cells following 2 h exposure at 4 mW cm-2 
resulted in a doubling of concentration compared with bacterial samples exposed 8 h 
at 1 mW cm-2. Furthermore, there was no discernible difference in DCF* 
concentration in bacteria exposed to UV only and bacteria exposed to UV light in the 
presence of TiO2 coatings. 
Moreover, the exposure of bacterial cells to 1 mW cm-2 UVA radiation for 24 h 
caused a considerable increase in intracellular oxidative stress, with an evident 
difference between bacteria exposed only to UVA light and bacteria exposed to the 
radiation in the presence of coatings (Fig. 41).  
 
             
Figure 41. Intracellular dichlorofluorescein (DCF) formation in Escherichia coli after 8 hours UV illumination at 1 mW cm-2 
(LI), after 2 hours UV illumination at 4 mW cm-2 (HI)  and  after 24 hours at 1mW cm-2 with and without coating. * indicates 
statistically significant differences (p < 0.05). Each bar represents the average of eight replicates, and error bars represent 
single standard deviations. 
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4.6.4.2 Inactivation kinetics and intracellular oxidative stress for S. aureus wild type 
 
At low irradiance (LI) over an exposure period of 8 h the wild type (WT) strain 
viability remained constant for both UV controls (without coatings) and samples 
exposed to UV light in the presence of TiO2 coatings producing ROS (Fig. 40). At 
high irradiance (HI) over an exposure period of 4 h a 1 log reduction was observed 
(Fig. 42). 
 
 
Figure 42. Staphylococcus aureus wild type inactivation kinetics under UVA light only (LI 1 mW cm-2, open diamonds; HI 4 
mW cm-2, solid diamonds) and in the presence of TiO2 coatings (LI, open circles; HI, solid circles). Each point represents the 
average of eight replicates, and error bars represent single standard deviations. 
 
Irradiance of bacterial samples for 8 h at LI resulted in low intracellular DCF* 
concentrations (below 0.2 mM) in the WT strain (Fig. 46a). There was a statistically 
difference (p<0.05) between the UV controls and the TiO2-coated samples 
suggesting a measurable effect of photocatalytically induced ROS on intracellular 
oxidative stress. Conversely, after an exposure time of 2 h at HI irradiance i.e. 
replicating the 8 h LI dose  there was no difference in intracellular DCF concentration 
between UV treated and the TiO2 coated samples. Moreover, intracellular DCF* 
concentration increased significantly to 0.9 mM (Fig 46b) 
Complete inactivation of the WT strain was observed in the presence of coatings 
after 24 h exposure at LI irradiance, whilst both dark and UV only controls showed 
no significant change in the bacterial concentrations (Fig 43). After 6 h exposure to 
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UV light at HI irradiance, there was a significant 2 log reduction in bacterial 
concentration between the dark controls and both the UV treated and the TiO2 
coated samples. There was no statistical difference between the UV treated and the 
TiO2 coated samples (Fig. 43). 
                   
Figure 43. Staphylococcus aureus wild type inactivation after 6 hours at HI (grey bars) with and without TiO2 coatings under 
UV light and after 24 hours at LI (black bars) with and without TiO2 coatings under UV light. Dark results are for 
corresponding controls without coatings. * indicates significantly different concentration using a 2-sample t-test (p < 0.05). 
n. d. not detectable. 
 
The wild type strain exposed to LI for 24 h showed a significant increase in 
intracellular DCF concentrations (~ 2 mM) in the presence of TiO2 coatings (Fig. 44). 
There was a considerably lower intracellular DCF* concentration in the WT strains 
for the 24 h LI UV treated control samples (~ 0.5 mM) compared with the TiO2 
coated samples (Fig. 44). 
 
1,E+01
1,E+02
1,E+03
1,E+04
1,E+05
1,E+06
1,E+07
TiO2-coated surfaces UV only Unilluminated
CF
U
/m
L
1mW/24h
4mW/6h
* 
n.d. 
* 
* 
73 
 
  
Figure 44. Intracellular dichlorofluorescein (DCF) formation in Staphylococcus aureus wild type after 24 hours UV 
illumination at LI with TiO2 coating (labelled coated surfaces) and without TiO2 coating (labelled UV). * indicates 
significantly different concentration using a 2-sample t-test (p < 0.05). Each bar represents the average of eight replicates, 
and error bars represent single standard deviations. 
 
4.6.4.3 Inactivation kinetics and intracellular oxidative stress for the catalase mutant 
S. aureus strain 
 
At low intensity (LI) irradiance over an exposure period of 8 h the catalase mutant 
strain showed 1.5 log greater inactivation for bacterial samples exposed to UV light 
in the presence of TiO2 coatings producing ROS compared with UV controls with no 
coatings (Fig. 45).  
The inactivation kinetic data did not fit the series-event model when the threshold 
number of events n = 1 was used for fitting the data. An ‘event’, which is a quantum 
of damage inflicted on a bacterial cell, was not sufficient to inactivate the catalase 
mutant strain. Data was fitted with a series-event model with the threshold number of 
events n=10 (Severin, Suidan, & Engelbrecht, 1983). The inactivation rate constant 
for the coated samples was found to be 2.30 h-1 and for the UV controls 1.75 h-1 
indicating more rapid inactivation rate in the presence of the coating due to the 
production of ROS (Table 5). 
At high intensity (HI) irradiance over an exposure period of 4h the catalase mutant 
strain showed a 3 log reduction in cell viability but there was no discernible 
difference between the cell counts for UV controls (no coating) and TiO2-coated 
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samples at any of the measured time points suggesting no additional effect of TiO2 
induced ROS in comparison with HI UV effect alone (Fig. 45).  
                 
Figure 45. Staphylococcus aureus catalase mutant inactivation kinetics under UV light only (LI 1 mW cm-2, open diamonds; 
HI 4 mW cm-2, solid diamonds) and in the presence of TiO2 coatings (LI, open circles; HI, solid circles). Solid lines are the 
series-event model fit. Black triangle indicates data for controls in the dark. Each point represents the average of eight 
replicates, and error bars represent single standard deviations. 
 
The inactivation kinetic data was fitted with a series-event model with the threshold 
number of events n=10 used for fitting the resulting data set. The inactivation rate 
constant for the coated samples was found to be 4.65 h-1 and for the UV controls 
4.56 h-1 indicating faster inactivation at HI irradiance compared with inactivation at LI. 
The rate constant at HI irradiance at 4 mW/cm2 was not found to be four times that 
compared to 1 mW cm-2. After 2 h less than 1 log reduction was observed at HI for 
the samples exposed to UV in the presence of TiO2 coatings compared with 3 log 
reductions at LI for the same dose (Fig. 45) suggesting a different underlying 
mechanism of inactivation at HI compared with the LI treatment. 
Irradiance of bacterial samples for 8 h at LI resulted in much higher intracellular 
DCF* concentrations (~ 0.3 mM) for the catalase strain exposed to TiO2 compared 
with the UV controls (Fig. 46a) suggesting photocatalytically-induced intracellular 
oxidative stress due to ROS production by TiO2. Irradiance of bacterial samples at HI 
for 2 h resulted in a significant increase in intracellular DCF* concentrations (~ 1 mM) 
in the catalase mutant strain for both UV controls and TiO2 coated samples. At HI the 
DCF* concentrations in catalase mutant bacterial samples and in catalase mutant 
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bacteria UVA control resulted different according to 2-sample T-test (p-value 0.036)  
(Fig. 46b). 
 
a) 
  
b) 
  
Figure 46. Intracellular dichlorofluorescein (DCF) formation in Staphylococcus aureus wild type, catalase mutant and SOD 
mutant strain (a) after 8 hours UV illumination at 1 mW cm-2 (LI) with and without coatings. (b) after 2 h UV illumination at 
4 mW cm-2 (HI) with and without coating. * indicates significantly different concentration using a 2-sample t-test (p < 0.05). 
Each bar represents the average of eight replicates, and error bars represent single standard deviations. 
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  Low Intensity; n = 10 High Intensity; n = 1 High Intensity; n = 10 
  k / hr-1 k / hr-1 k / hr-1 
Wild 
Type 
Coating 1n/a 1n/a n/a 
UV Control 1n/a 1n/a n/a 
Catalase Coating 2.30 2n/a 4.65 
UV Control 1.75 2n/a 4.56 
SOD Coating 2.57 1.31 2n/a 
UV Control 1n/a 1.28 2n/a 
 
Table 5. Summary of Series-Event Model fitted parameters for the inactivation kinetics. Note: n/a not applicable; 1no 
change detected in bacterial concentrations; 2unable to fit model to data set. 
 
4.6.4.4 Inactivation kinetics and intracellular oxidative stress for the SOD mutant 
strain 
 
At LI over an exposure period of 8 h the SOD mutant strain showed a 5 log reduction 
in viability for bacterial samples exposed to UV light in the presence of the TiO2 
coating producing ROS with no effect of LI irradiance for the UV treated controls in 
the absence of photocatalytic coating (Fig. 47).  
  
Figure 47. Staphylococcus aureus SOD mutant inactivation kinetics under UV light only (LI 1 mW cm-2, open diamonds; HI 4 
mW cm-2, solid diamonds) and in the presence of TiO2 coatings (LI, open circles; HI, solid circles). Solid lines are the series-
event model fit. Black triangle indicates data for controls in the dark. Each point represents the average of eight replicates, 
and error bars represent single standard deviations. 
 
The inactivation kinetic data was fitted with a series-event model with the threshold 
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constant for the coated samples was found to be 2.57 h-1 indicating a more rapid  
inactivation rate compared to the catalase mutant strain (Table 5). At HI over an 
exposure period of 4 h the SOD mutant strain showed a 3 log reduction in viable cell 
concentration but there was no discernible difference between the viable cell counts 
for UV controls (no coating) and TiO2 coated samples at any of the measured time 
points suggesting no additional effect of ROS in comparison with HI UV effect alone 
(Fig. 47). 
The inactivation kinetic data did not fit the series-event model (typical of concave 
inactivation curves with a shoulder) when the threshold number of events n = 10 was 
used for fitting the data. Instead the data was fitted by setting n = 1. The inactivation 
rate constant for the coated samples was found to be 1.31 h-1 and for the UV 
controls 1.28 h-1 (Table 5). After 2 h less than 2 log reduction was observed at HI for 
the samples exposed to UVA in the presence of TiO2 coatings compared with 5 log 
reductions at LI for the same dose suggesting a different underlying mechanism of 
inactivation at HI compared with the LI treatment. 
Irradiance of SOD bacterial samples for 8 h at LI resulted in the highest measured 
intracellular DCF* concentrations (~ 0.5 mM) for all LI samples (Fig. 46a) in the 
presence of TiO2 coatings, suggesting a significant photocatalytically-induced 
intracellular oxidative stress due to ROS production by TiO2. Irradiance of SOD 
bacterial samples at HI for 2 h (same dose as 8 h at LI) resulted in a significant 
increase in intracellular DCF* concentrations (~ 1 mM) for both UV controls and TiO2 
coated samples and no significant difference between them (Fig. 46b). 
 
4.6.4.5 Inactivation kinetics and intracellular oxidative stress for catalase and SOD 
mutant Staphylococcus aureus at intermediate UVA intensity (2 mW cm-2) 
 
The results obtained clearly indicated that, both under high-intensity UVA light and 
particularly low-intensity, the two mutants were the only strains that were visibly 
affected by the photocatalytic process over an 8 h exposure period. Hence, to better 
understand the effect of UVA light intensity on photocatalytic bacterial inactivation, 
catalase and SOD mutant strains were exposed to  2 mW cm-2 UVA light over a 
period of eight hours in the presence and absence of  20 µg cm-2 TiO2 coated glass 
substrates.  
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The catalase strain over an exposure time of 8 h, showed a 3 log reductions in viable 
cells in the presence of TiO2 coating. However, the magnitude of viable cell reduction 
for UV control was not significantly difference (2.2 log) and the difference between 
the photocatalytic process and photolysis was not so clear (Fig. 48). Hence, over the 
same exposure time, doubling the UVA dose, from 1 mW cm-2 to 2 mW cm-2, did not 
result in an increase in bacterial inactivation.  
The intracellular oxidative stress was measured after 4 h exposure at 2 mW cm-2 and  
the level of  DCF* was statistically significant between the UV control and bacterial 
samples in the presence of photocatalytic coatings (p value 0.025) (Figure 50). The 
intracellular DCF concentration was found to be elevated  in bacteria exposed only to 
UVA radiation. Indeed, in the UVA control bacteria the DCF* concentration almost 
reached the value obtained in bacterial samples (in the presence of TiO2) when the 
UVA intensity was 1 mW cm-2. 
 
  
Figure 48. Staphylococcus aureus catalase mutant inactivation kinetics under 2 mW cm-2 UV light only (open diamonds) and 
in the presence of TiO2 coatings (open circles). Each point represents the average of eight replicates, and error bars 
represent single standard deviations. 
 
In the case of the SH1000 sodA/sodM strain, the bacterial inactivation was even 
lower than when the UV radiation was delivered at 1 mW cm-2. Indeed, the 5 log 
reduction was not achieved over 8 hours exposure time under 2 mW cm-2 UVA light. 
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The SOD mutant bacteria exposed only to UVA showed a significant decrease in the 
number of viable cells (2.5 log reduction); a significant difference in the inactivation 
kinetics of UV control sample and bacterial sample in the presence of coatings was 
not observed.  
However, at the end of the exposure period the contribution provided by 
photocatalytic coatings for bacterial inactivation not previously observed when the 
UVA light intensity was 4 mW cm-2 became apparent. (Figure 49).  
 
      
Figure 49. Staphylococcus aureus SOD mutant inactivation kinetics under 2 mW cm-2 UV light only (open diamonds) and in 
the presence of TiO2 coatings (open circles). Each point represents the average of eight replicates, and error bars represent 
single standard deviations. * indicates significantly different concentration using a 2-sample t-test (p < 0.05). 
 
The intracellular DCF* concentration in SH1000 sodA/sodM cells exposed to UVA in 
the presence of photocatalytic coatings was significantly higher than for the UV 
control moreover, once again the SOD mutants were more sensitive than the 
catalase mutant strains to the photocatalytic process having a higher intracellular 
DCF* concentration (Figure 50). 
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Figure 50. Intracellular dichlorofluorescein (DCF) formation in Staphylococcus aureus catalase mutant and SOD mutant 
after 8 hours UV illumination at 2 mW cm-2 with and without coatings. * indicates significantly different concentration 
using a 2-sample t-test (p < 0.05). Each bar represents the average of eight replicates, and error bars represent single 
standard deviations. 
 
4.7 Discussion  
 
Photocatalytic coatings were tested against the Gram positive Staphylococcus 
aureus wild type SH1000, S. aureus catalase negative mutant (Kat) KS100 and S. 
aureus superoxide dismutase (SODs) mutant MHKAM and the Gram negative 
Escherichia coli ATCC 11303. The nature of the microorganism is important, since 
as reviewed by Huang and colleagues (Huang et al., 2000b) sensitivity toward 
photocatalysis varies in the order: virus > bacterial cell > bacterial spore. Even for 
bacteria, and more specifically within the Gram group, Gram negative bacteria were 
more affected than Gram positive, as a result of structural differences in the outer 
membrane (Pal et al., 2007). However, the strain used is a crucial parameter. The 
most studied microorganism in photocatalysis remains E. coli, undoubtedly because 
it is the reference microorganism in biology. It is one of the most predominant 
pathogens in hospital infections (Jarvis & Martone, 1992) and it has developed 
resistance to many class of antibiotics (Chong, Ito, & Kamimura, 2011). 
Bacteria in suspension were exposed to UVA light at different intensies and 
inactivation kinetics compared under identical conditions to UVA exposure alone or 
UVA-induced ROS produced in the presence of TiO2 immobilised on glass 
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substrates using a dip-coating technique. Among the available deposition techniques, 
dip-coating is the most widely used for industrial and especially laboratory 
applications which is essentially founded on the simple processing, the low cost and 
the high coating quality. Dip coating designates the deposition of a wet liquid film by 
withdrawal of a substrate from a liquid coating medium. 
Direct contact between bacteria in aqueous suspensions and the TiO2 photocatalytic 
surface is not deemed necessary for bacterial photoinactivation by ROS produced by 
immobilised TiO2 photocatalyst upon irradiation with UV light. ROS with a relatively 
long lifetime can diffuse into the bulk solution to inactivate bacterial cells. (Wang et al. 
2015). The two main products of dissolved oxygen reduction by TiO2 photocatalysis 
are superoxide •O2- and H2O2 which are known to be involved in a series of complex 
reactions leading to production of other active oxygen species such as hydroxyl •OH 
radicals and singlet oxygen. Elevation in the intracellular levels of these oxidants 
notably superoxide •O2- results in enzyme damage and accelerates mutagenesis 
(Imlay, 2015). In the WT strain intracellular ROS concentrations are held in check by 
the superoxide dismutases that degrade •O2- and the peroxidases and catalases that 
degrade H2O2. Mutants that lack either set of enzymes suffer damage to specific 
enzymes and are unable to grow under conditions requiring their activity (Gu & Imlay, 
2013).  
At 1 mW cm-2 UVA exposure, particularly for the 20 µg cm-2 coating, it was possible 
to discriminate between the bactericidal effect of UVA alone and that due to ROS 
production by the TiO2 coatings as the SOD mutant and to a lesser extent the 
catalase mutant were resistant to UVA damage over an 8 h period (Figures 45 and 
47). Conversely, the SOD mutant (5 log reductions) and to a lesser extent the 
catalase mutant (3 log reductions) were highly susceptible to TiO2-induced ROS 
inactivation after 8 h exposure while the WT strain took a lot longer and was only 
completely inactivated (~ 7 log reductions) after 24 h exposure at LI. The observed 
inactivation kinetics and the intracellular oxidative stress data suggests that 
superoxide dismutase that degrade •O2- play a significant role in affording protection 
against ROS at LI UVA irradiation levels.  
In case of Escherichia coli, inactivation kinetics at 1 mW cm-2 UVA only and in the 
presence of TiO2 coatings were largely dependent on the choice of the culture 
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medium adopted. On LB agar lower number of bacteria were culturable following the 
photochemical process with 3.5 log reduction in bacterial concentration in the 
presence of coatings. Considerably higher number of viable bacteria were obtained 
when cultured on BHI blood agar. Given the considerable number of studies in which 
LB agar has been used as growth medium to check the viability of E. coli following 
photocatalytic processes (Matsunaga & Okochi, 1995; Alrousan et al., 2009; Kumar 
et al., 2011), the results reported here suggest that BHI blood agar may be a better 
growth medium to resuscitate bacteria damaged by UV and ROS. To the best of 
knowledge, this is the first time that BHI blood agar has been used as solid growth 
media for E. coli.    
It was not possible to measure photochemically-induced levels hydrogen peroxide in 
solution; these were below the limit of detection (< 0.1 mM and below the minimum 
bactericidal concentration ~ 10 mM) even after 24 h irradiation with UV in the 
presence of the TiO2 coatings. Previous studies with NUV corroborate these results, 
researchers did not find elevated levels (> 1 µM) of hydrogen peroxide at similar low 
fluence rates (Kramer & Ames, 1987). This does not rule out the involvement of low 
levels of hydrogen peroxide in the formation of more toxic oxygen species. It has 
been widely reported that hydrogen peroxide is produced by disproportionation of 
•O2- and multiple reduction of O2 in TiO2 photocatalysis (Hoffmann et al., 1995). 
Addition of sub-lethal amounts of hydrogen peroxide during NUV irradiation was 
found to increase bacterial cell death rates and thought to result from superoxide 
anion formation which may react further with hydrogen peroxide to yield reactive 
hydroxyl radicals measured here (Liochev & Fridovich, 2010). Furthermore, addition 
of H2O2 to the TiO2 photocatalytic system improves the •OH production (San et al., 
2001; Vorontsov et al., 2001). The hydroxyl radicals are formed by interaction of 
H2O2 with conduction band electrons ecb- or •O2- and subsequent reduction (Eq. 6 
and 7) (Hoffmann et al., 1995): 
H2O2 + ecb- → •OH + OH-                           Eq. 6 
H2O2 + •O2- → •OH + OH- + O2                            Eq. 7 
Moreover, H2O2 is oxidised to •O2- by valence band holes or by •OH as the equations 
(8 and 9) below show (Hirakawa & Nosaka, 2002; Nosaka, et all., 2003): 
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H2O2 + hvb+ + 2OH- → •O2- + 2H2O            Eq. 8 
H2O2 + •OH + OH- → •O2- + 2H2O             Eq. 9 
Recently, researchers have proposed the importance of hydrogen peroxide as the 
reaction intermediate in TiO2 photocatalysis during the UV irradiation (Nosaka et al., 
2003). They found that the inefficient production of hydroxyl radicals at rutile surface 
was significntly increased by the addition of H2O2. Moreover, generation of hydroxyl 
radicals in the presence of H2O2 occurs with high yields especially for anatase, rutile 
(a,r)-TiO2 composites (10-20% of rutile) but not at a-TiO2. This phenomenon was 
explained by different adsorption properties of anatase and rutile polymorphs. Only 
in the case of rutile, both oxygen atoms of H2O2 are bound to one “Ti” site leading to 
the formation of hydroxyl radicals from H2O2. The P-25 TiO2 catalyst used in this 
study consists of about 20% rutile and 80% in anatase. The absence or the 
undetectable levels of hydrogen peroxide in aqueous solution during the 
photocatalytic process may be explained by hydrogen peroxide acting as a reaction 
intermediate. 
TiO2-coated glass substrates immersed in water upon irradiation with UVA light ( 
360 nm) resulted in the generation of ROS in the water. The generation of bulk •OH 
was measured by means of the detection of photoluminescence with terephthalic 
acid (Hirakawa & Nosaka 2002). Bulk •OH radical generation rate was directly 
related to the level of light irradiance (Fig. 34) and the amount of catalyst 
immobilised onto glass support. It may have formed by the well-known Harber-Weiss 
reaction in which H2O2 reacts with •O2- to give bulk •OH directly in solution (Hirakawa 
& Nosaka 2002) and/or the other reactions discussed above. The 20 and 12 µg cm-2 
TiO2 coatings under UVA 1mW cm-2 yielded 0.32 µM h-1 and 0.23 µM h-1 of the free 
radicals respectively. The different radical generation rate affected the bacterial 
inactivation kinetics. Indeed, the increase of •OH radical production without changing 
the light intensity resulted in a greater bacterial inactivation (3.5 log for SOD mutant; 
1.5 log for catalase mutant). On the other hand, increasing the •OH radical 
generation rate by doubling the UVA light intensity did not result in a faster 
inactivation of SODs and catalase mutants (Figure 48 and 49). Indeed, under 2 mW 
cm-2 UVA light the SOD mutant strain was inactivated to a lesser extent compared 
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with data where just 1 mW cm-2 UVA light was used to activate the photocatalytic 
coatings. 
At HI UVA irradiance level it was not possible to decouple the effect of intracellular 
ROS-induced stress due to the photocatalytic TiO2 compared with that caused by 
UVA alone. Comparison of HI inactivation kinetics for the SH1000 sodA/sodM and 
SH1000 ahpC/katA mutants suggested that intracellular superoxide •O2- formation 
caused rapid inactivation of the SOD mutant while the catalase mutant initially 
showed resistance to HI UVA damage, the characteristic shoulder seen on the 
inactivation curve, but continued irradiation after about 90 min of initial exposure to 
HI UVA resulted in cells beginning to rapidly die (the decay rate was faster during 
this period in comparison with that of the SOD mutant). The WT strain exposed to HI 
UVA started showing some loss in viability after 4 h of exposure (Fig. 42) increasing 
to over 2 log reduction after 6 h (Fig. 43). In the WT strain intracellular enzymes may 
afford initial protection to UVA induced ROS damage however, accumulation and 
increased levels of ROS have been shown to damage intracellular enzymes making 
the cells susceptible to oxidative damage if the exposure continues (Imlay, 2015).  
Bacteria are known to be resistant to short exposures of the near-UV light (NUV) 
component of the solar spectrum ( 300 – 400 nm) at irradiance fluxes mimicking 
natural sunlight conditions (3.5 – 5 mW cm-2, corresponding to HI irradiance levels 
used in this study) but begin to die rapidly after 3 to 4 h of exposure (Kramer & Ames, 
1987). Exposure to HI UVA may involve photosensitization by endogenous NUV 
absorbing chromophores resulting in their excitation followed by reaction with 
dissolved intracellular O2 resulting in intracellular ROS production (Fig. 46) and 
oxidative damage (Kramer & Ames, 1987). Involvement of the oxidative defense 
regulon oxyR in affording protection to intracellular oxidative stress has previously 
been shown to be crucial in protecting bacteria against NUV damage (Eisenstark, 
1998).  
Inactivation results at the same ‘inactivation dose’ for the S.aureus WT strain and E. 
coli at LI (24 h exposure) and HI (6 h exposure) did not follow the Bunsen–Roscoe 
reciprocity law for simple photochemical processes. The reciprocity law states that 
the effect of radiation is the function of the total radiant energy and is independent of 
intensity (also referred in literature as the fluence) and time. In the case of S. aureus 
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WT  and E. coli strains used in this study, the photochemical effect was found not to 
be proportional to the product of irradiance and exposure duration (i.e., "exposure or 
dose") especially for bacteria in the presence of TiO2 coatings. Under high UVA 
irradiance the presence of the titania had no additional effect on bacterial inactivation 
compared with UVA alone, and the degree of oxidative stress was the same 
regardless of the presence or absence of catalase or SOD enzymes.  
On the other hand, at low irradiance the survival of the mutants lacking catalase or 
SOD was severely compromised by the presence of titania, and all forms, even the 
wild-type, had significantly increased internal oxidative stress compared with 360 nm 
UVA light alone. For the WT strain, after 24 h of exposure at low irradiance (1 mW 
cm-2 — cf. ordinary interior lighting, which is typically around 0.2 - 0.6 mW cm-2 ) all 
the bacteria were inactivated in the presence of the titania coatings (~ 7 log 
reductions), whereas when the same exposure was delivered at 4 mW cm-2 about 1% 
of the bacteria survived (2 log reductions), regardless of the presence of titania. A 
similar result was observed with E. coli grown on BHI blood agar. At low irradiance 
almost all the bacteria were inactivated in the presence of the titania coatings (~ 5 
log reductions) but only 2 log reductions were achieved using the HI with no 
difference between control samples and bacteria in presence of coatings.  
This indicated that the fluence rates must exceed some threshold for the activation of  
defence mechanisms, which affords protection to the bacterium from the ROS 
generated both by 360 nm UVA light and by the titania coating. The lower fluence 
rate (LI, which still exceeds typical interior irradiance) failed to activate that defence 
mechanism and the wild-type strain and E. coli accumulated damage and were 
effectively inactivated in the presence of titania after 24 h exposure. A previous study 
with E. coli  bacteria irradiated with UVA at 365 nm reported a similar result; E. coli 
cells were found to be more resistant at higher fluence rates in comparison with low 
intensity irradiance with reciprocity found only at high fluence rates above 7.5 mW 
cm-2; considerably higher values compared with those used in the present study 
(Peak & Peak, 1982).  
Interestingly, after 24 h treatment under 1 mW cm-2 UV light, there was a 
measurable difference in the number of viable E. coli cells using two different media. 
Bacteria subject to photo inactivation and subsequently grown on BHI blood agar 
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resulted in higher viable cells counts compared with those cultured on LB agar, 
especially for the UV only samples (Figure 39). Over an exposure period of 24 h, 
there was a clear observed difference between complete inactivation due to the 
photocatalytic process (almost no growth on both media) and partial inactivation due 
to the effect of UVA alone (2 log difference between bacteria cultured on LB and BHI 
blood agar). Hence, a portion of the bacterial population remained viable, but not 
culturable on LB agar. This result is consistent with the measured differences in 
inactivation kinetics after 8 h exposure to 1 mW cm-2 of UV light measured using LB 
agar and BHI blood agar as growth media (Figure 38). BHI blood agar was therefore 
selected as the growth medium for all subsequent experiments.  
UVA-induced cytotoxicity and oxidative damage has been shown to be dependent on 
radiation intensity not just the total energy dose (Merwald et al., 2005). UVA radiation 
has been shown to generate active oxygen species inside irradiated bacterial cells 
including hydrogen peroxide (Eisenstark, 1987a). In this work, differences in 
intracellular oxidative stress at LI and HI using the DCFH probe were evident. The 
use of  2’,7’-dichlorofluorescein diacetate was first described by Keston and Brandt 
in 1965 as a fluorometric assay to detect hydrogen peroxide in the presence of 
peroxidase (Keston & Brandt, 1965). Since then, several studies dealing with the 
effect of reactive oxygen species in cell culture and in aqueous systems have 
employed DCFH-DA. Nowadays, DCFH-DA is the most widely used probe for 
measuring the overall intracellular oxidative stress.   
At LI light in the absence of the titania coatings very low levels of fluorescent DCF 
were found inside bacteria suggesting low levels of intracellular ROS production. 
Exposed for the same LI intensity dose and using HI light with bacteria exposed to 
UVA only, the intracellular concentration of fluorescent DCF increased dramatically. 
It is unclear whether UVA contributed to the increase in intracellular ROS in a direct 
way e.g. through the tryptophan and/or NADP/NADPH pathway (McCormick, Fischer, 
& Pachlatko, 1976; Czochralska et al., 1984; Cunningham et al.,1985), or indirectly 
through inactivating the bacterial enzymes predisposed to breaking down ROS. 
Another possible explanation could be an amplification of the fluorescent signal 
intensity. The intermediate radical, •DCF-, formed from the single-electron oxidation 
of DCFH, rapidly reacts with O2 (k = 108 M-1 s-1) to form the superoxide radical •O2-. 
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The dismutation of •O2- yields additional H2O2 which can establish a redox-cycling 
mechanism leading to the amplification of the fluorescent signal (Kalyanaraman et al., 
2012). High intensity UVA radiation could yield a greater intracellular production of 
the intermediate radical •DCF-. However, bacterial inactivation kinetics observed at 
high UV intensity, where there was no difference between UV controls and samples 
exposed to UV light in the presence of TiO2 coatings, suggests that UVA light alone 
caused an increase in intracellular ROS.  
At low irradiance (LI) over an exposure period of 8 h the DCF* intracellular 
concentration in Staphylococcus aureus wild type, SODs and catalase mutant strains 
showed a trend similar to the bacterial inactivation kinetics. Measurement of 
intracellular DCF* formation showed differential levels of intracellular oxidative stress 
with the highest measured levels in the SODs mutant strain followed by the catalase 
mutant strain and considerably lower levels in the WT strain (Fig. 46a). Intracellular 
levels of  DCF* for UVA only treated samples were significantly less in comparison to 
the TiO2 treated samples. However, in the case of Escherichia coli the DCF* values 
(UV controls and samples exposed to UV light in the presence of TiO2 coatings) 
were greater compared with all staphylococcus strains despite the fact that the Gram 
negative bacterial strain did not show any loss of cell viability on BHI blood agar. The 
intracellular redox chemistry of DCFH is complex. The presence of intracellular 
peroxidases is considered important for oxidation of DCFH (Crow, 1997; Myhre et al., 
2003). Redox-active metals (e.g., Fe2+) promote DCFH oxidation in the presence of 
oxygen or H2O2 (Qian & Buettner, 1999). In addition, cytochrome C that is released 
from mitochondria into the cytosol during apoptosis is a powerful catalyst of DCFH 
oxidation (Burkitt & Wardman, 2001; Lawrence et al., 2003). It is possible that 
intracellular concentrations of peroxidases and other enzymes, that could act as 
catalyst in DCF oxidation, in E. coli and in Staphylococcus aureus have different 
levels. Moreover, differences in cell wall structure may result in a differences in 
permeability of the DCFH probe. Hence, due to the existence of several substances 
that interfere with the formation of fluorescent DCF, the suitability of this probe as a 
good tool may be questionable in comparing the intracellular oxidative stress as a 
result of the same process in different bacteria. On the other hand, the 
staphylococcus aureus wild type and the two mutants used in this study have the 
same DNA, except for the presence of damaged SODs and catalase genes. They 
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are almost identical hence, differences in DCF concentration can therefore be 
attributed to a different degree of intracellular oxidative stress. 
After exposure for 24 h, intracellular levels of  DCF* significantly increased in the S. 
aureus WT strain and in E. coli exposed to photocatalysis as well as in bacteria 
exposed to LI UV light only. Although the S. aureus WT and  E. coli UV controls were 
quite stable in terms of  their inactivation, the DCF* values were much higher in 
comparison with the SOD mutant samples after 8 h which were almost entirely 
inactivated. This can be explained with a  photo-reduction phenomena of DCF by 
action of UVA radiation at the elevated dose (24 hours). DCF photo-reduction in 
presence of UVA light  at high dose has already been  reported (Chignell & Sik, 
2003). 
Regulatory gene products are known to be triggered upon excess near-UV oxidation 
leading to synthesis of entire batteries of anti-oxidant enzymes, DNA repair enzymes 
etc., (Eisenstark, 1998). Becker-Hapak and Eisenstark found that in Escherichia coli, 
gor  (glutathione reductase gene) like katG (catalase peroxidase), is dually regulated 
by RpoS and OxyR. In rpoSoxyR double mutants, the level of glutathione reductase 
(GR) was considerably lower than in the oxyR allelic single mutant (Becker-Hapak & 
Eisenstark, 1995). Also in S. aureus there are important regulatory genes whose 
products upon excess of oxidative stress are responsible for transcription of several 
anti-oxidative structural genes. The ferric uptake regulator (Fur) is principally a 
transcriptional repressor however, it positively regulates catalase enzyme synthesis 
(Horsburgh et al., 2001). This is consistent with the necessity of decreasing the 
intracellular concentration of hydrogen peroxide in the presence of iron to avoid 
hydroxyl radical formation through the Fenton reaction. PerR is another protein 
which belongs to the Fur family of regulators in staphylococci. The PerR regulon 
includes many genes involved in the oxidative stress response and iron storage, 
including KatA, ahpCF, mrgA, bcp and trxA genes (Gaupp, Ledala, & Somerville, 
2012). Adaptive response of Escherichia coli exposed to UV radiation, at an intensity 
similar to that used in this work, has already been shown (Hoerter et al., 2005). High 
intensity UVA delivered to bacterial cells in this work is not far from the fluence rates 
that may be encountered in the environment (~ 5 mW cm-2). The data obtained in 
this study support the hypothesis that the adaptive response to UVA, evolved in 
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bacteria to withstand high levels of oxidative stress brought on by exposure to UVA 
irradiation, is more pronounced as the intensity of UV radiation increase, thus 
increasing chances of survival. 
The significant effect of UV light on bacterial cells, fully discussed in this chapter, 
drove the necessity to evaluate a visible light-activated photocatalyst to better 
understand the photocatalytic induced inactivation of bacteria. A commercially 
available catalyst, activated by photons with wavelength in the visible light region to 
be activated, was chosen to be able to decouple the effect of UVA light during the 
photocatalytic bacteria inactivation. 
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CHAPTER 5: Evaluation of photocatalytic 
properties of commercially available 
titanium dioxide MVX  
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5.1 Introduction 
 
Since the discovery of titanium dioxide as photocatalyst (Fujishima and Honda, 1972) 
there has been extensive use of TiO2 nanomaterials for environmental purification, 
energy production and microbial inactivation. For some of these applications (e.g. 
waste water treatment, toxin removal) the necessity of using the UV-region of the 
electromagnetic spectrum ( λ ≤ 387.5 nm) to activate the photocatalyst is not an 
issue. However, the application of photocatalytic antimicrobial coatings to diminish 
the occurrence of healthcare-associated infection strictly requires the exclusive use 
of visible light. The harmful effect of UVA light on human health made it necessary to 
overcome the serious drawback of the TiO2 photocatalyst caused by the wide band 
gap of anatase TiO2, which restricts its use to only with UV light. As a result, 
development of visible-light active titanium dioxide is one of the key challenges in the 
field of semiconductor photocatalysis. Anion and noble metal doping to enhance the 
visible-light photocatalytic activity in a semiconductor are relatively widespread 
methods for visible-light activation and thereby improving the performance of TiO2 
photocatalysts (see section 2.4.1). 
In this section, a TiO2-based visible light-activated photocatalytic material 
commercially available (MVX, Hi-tech, Kitakyushu, Japan) was studied and its 
photocatalytic efficiency evaluated. Given the evidence that photocatalytic efficiency 
can be enhanced by the presence of copper or silver (Hashimoto, Irie, & Fujishima, 
2005) and that elements can synergistically possess antimicrobial activity (Ramsden, 
2015) this  product doped with small portion of silver zeolite was specifically chosen. 
Moreover, recently the efficacy in reducing microbial burden of MVX catalyst applied 
by spraying onto high-touche surfaces in hospital settings has been demonstrated 
(Reid et al., 2018). The product is made up of dilute solution of unknown active 
ingredients, titania (1.5%) and silver zeolite (MVX technical specification 2016. 
Kitakyushu, Japan: Maeda-Kougyou; 2016). 
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5.2 Physiochemical characterization of MVX 
5.2.1 MVX total surface area and porosity characterization  
 
Most heterogeneous catalysts are porous solids that have a total surface area much 
higher than that corresponding to the external one, because of contribution of pore 
walls. Since the catalytic process takes place on the surface of the catalyst, then its 
surface area strongly affects the catalytic activity. In addition to the surface area, the 
pore size distribution is another morphological characteristic of interest. Indeed, for 
reagent molecules to reach the surface and take advantage of all the available area, 
must pass through the porous system, as well as the reaction products have to leave 
the catalyst. Mass transfer processes inside the granules depends on pore size: bulk 
diffusion in macropores, Knudsen diffusion in mesopores and molecular diffusion in 
micropores (Leofanti et al.,1998). 
The adsorption of molecular nitrogen (N2) technique coupled with the BET and BJH 
methods were adopted for morphological characterization of MVX catalyst and 
Degussa P25 which was used as a reference material. MVX was shown to be a 
mesoporous solid, shown by the shape of N2 adsorption isotherm (type IV). The 
surface area of MVX catalyst was ~100 m2 g-1, around double that of Degussa 
(~49m2 g-1) which is in line with what is reported in the literature (Kim & Ahn, 2009).  
  
Figure 51. MVX (black line) and Degussa P25 (gray line) N2 adsorption at 77 K.  
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The isotherms of samples reveal the stepwise adsorption branch of type IV curve, 
indicating the presence of mesoporous material having a three dimensional (3D) 
intersection according to the IUPAC classification. 
The pore size distribution confirmed the nature of mesoporous solid of both catalysts: 
MVX ~10 nm, Degussa ~12 nm. 
The properties of catalyst nanoparticles are mainly due to the large surface area of 
the material, which dominates the small contributions made by the bulk of the 
material. Thus, size-dependent behaviours are often observed for nanosized 
materials as the percentage of atoms at the surface of a material becomes 
significant. The high surface area of MVX, compared to Degussa P25, was the first 
encouraging data, and maybe a key factor for its photocatalytic capability.  
 
5.2.2 MVX crystalline structure and size of TiO2 crystals 
 
A critical aspect of nanotechnology is the synthesis of materials with the desired size, 
morphology, crystal structure and chemical composition. The Maeda-Kougyou 
company did not provide precise information  about MVX synthesis and the physical 
properties of the catalyst under investigation. The crystal structure of nanosized TiO2 
based MVX product was thus examined using X-Ray diffraction.  
Figure 52 shows the XRD patterns for the Degussa P25 titania nanoparticles and 
MVX catalyst, while the most prominent characteristic peaks for the three main 
polymorphs of titania – anatase, brookite and rutile are identified in Table 6. 
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Figure 52. MVX (red line) and Degussa P-25 (blue line) XRD profiles where A stands for anatase, R: rutile and B: brookite. 
Number in brackets are the h, k, l Miller indices of the most prominent characteristic peaks of anatase polymorph (101), 
rutile (110),  brookite (211) and silver doped TiO2 crystal (004).  
 
The profile of Degussa P25 obtained using XRD confirmed the presence of anatase 
and rutile phases in a ratio of about 3 : 1 as already well established in literature 
(Ohno et al., 2001), while the MVX catalyst is made of anatase polymorph with some 
traces of brookite as indicated by the presence of a weak peak of the (211) reflection 
(2 Theta degree 30.83). The nonappearance of a peak at 27.50 degree and in the 
other typical reflections of rutile attest to the absence of this polymorph in the MVX 
lattice. 
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Poly 
morph 
2θ 
(º) 
Relative 
Intensity 
(%) 
Miller 
Indices 
h k l 
 
An
at
as
e 
25.71 100.00 1 0 1 
38.43 15.15 0 0 4 
39.20 7.85 1 1 2 
48.83 25.00 2 0 0 
54.82 16.04 1 0 5 
55.99 16.14 2 1 1 
63.79 9.81 2 0 4 
70.02 6.87 1 1 6 
71.55 5.56 2 2 0 
76.45 8.63 2 1 5 
 
Br
oo
ki
te
 
25.37 100.00 2 1 0 
25.72 77.62 1 1 1 
30.83 97.22 2 1 1 
36.26 23.86 1 0 2 
37.36 17.71 0 2 1 
40.18 14.94 2 0 2 
42.40 15.44 2 2 1 
46.09 19.97 3 0 2 
48.09 32.24 3 2 1 
49.19 20.20 3 1 2 
 
R
ut
ile
 
27.50 100.00 1 1 0 
36.17 46.72 1 0 1 
39.28 7.11 2 0 0 
41.34 18.28 1 1 1 
44.15 6.45 2 1 0 
54.46 57.99 2 1 1 
56.77 17.32 2 2 0 
62.93 8.18 0 0 2 
64.21 8.66 3 1 0 
69.18 20.83 3 0 1 
 
Table 6. Characteristic anatase, brookite and rutile XRD peak positions (2θ), featuring their relative intensities and miller 
indices. The values are from Cu-target diffractometers with a wavelength λ = 1.540598 Å. 
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Crystal structure of MVX catalyst is obviously related to the synthesis method used. 
Anatase and brookite are metastable polymorphs of TiO2 while rutile, on the other 
hand, is the stable phase that is established at high temperatures. Upon heat 
treatment, the observed phase transitions (which are accompanied by coarsening) 
are as follows (X. Chen & Mao, 2007b): 
a. Anatase → brookite → rutile 
b. Brookite → anatase → rutile 
c. Anatase → rutile, and 
d. Brookite → rutile. 
The surface enthalpies of the three polymorphs are sufficiently different that 
crossover in thermodynamic stability can occur under conditions that preclude 
coarsening, with anatase and/or brookite stable at small particle size. The process 
underlying these transformation sequences is function of particle size with anatase 
and/or brookite stable at small particle size. Indeed, for TiO2 particles smaller than 
50 nm, anatase lead to higher stability and the transformation to rutile occur at 
temperatures greater than 700ºC (Hwu et al., 1997). Gribb and Banfield (1997) also 
reached the conclusion that particle size effects on transformation kinetics and 
phase stability in nanocrystalline TiO2.  
Generally, TiO2 XRD patterns shows improved resolution of the peaks as 
temperature increases. Indeed, high temperatures allow the transition from 
amorphous to crystalline phase which can be observed with the presence of sharp 
and intense XRD peaks (Khade et al., 2015). It can therefore be hypothesised  that a 
relative low temperature process has been used and/or small particles of phase-pure 
titania have been employed as a starting material to produce the MVX catalyst. 
However, many other parameters can play an important role during the TiO2 
crystallites synthesis process. Swamy and coo-workers examined the metastability 
of anatase titania as a function of the relative pressure of the process (Swamy et al., 
2005). The preparation route (e.g. sol gel, solvothermal, chemical vapour deposition), 
purity of precursor materials, pH and presence of dopant elements and their levels 
are likewise important aspects.  
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The presence of silver in the MVX structure would have resulted in the increase of 
intensity of (210) and (004) diffraction peaks, as observed by Zielinska et al., (2010). 
However, there is no diffraction pattern characteristic of the doped metals in the XRD 
profile. Hence, this metal sites are expected to be below the detection limit of X-ray 
diffraction analysis. Also Sobana and colleagues found the X-ray diffraction pattern 
of silver doped sample TiO2 ( Ag+ concentration 2 % in relation to TiO2) almost 
coinciding  with that of pure TiO2 and showing no diffraction peaks due to silver 
species (Sobana, Muruganadham, & Swaminathan, 2006). 
The presence of brookite polymorph in MVX might be the reason for the 
antimicrobial activity of the catalyst claimed by the manufacturer and observed by 
Reid and colleagues (Reid et al.,2018). The calculated band gap energy is 3.78 eV 
for the bulk brookite (Beltrán, Gracia, & Andrés, 2006). The optical absorption edge 
of brookite TiO2 has found to be broad and extended throughout the visible 
electromagnetic spectrum (Zallen & Moret, 2006). As a consequence of the energy 
level for the valence band of brookite, it has higher oxidising power than anatase. 
Hence, a mix of anatase and brookite in the correct ratio, similarly to found in P25 
Degussa may enhance the photocatalytic activity of MVX and be responsible for the  
activation by visible light. 
Crystal size of TiO2 samples was calculated from Scherrer’s equation (Eq. 10) based 
on broadening of the most intense diffraction peak for each sample. 
τ(hkl) =
Kλ
β(hkl)cosθ 
             𝐸𝑞. 10 
 
Here, ℎ𝑘𝑙 are the miller indices associated with a particular planar reflection from 
within the crystal unit cell, 𝜃 is the Bragg angle and 𝜆 the X-ray wavelength, which is 
about 1.540598 Å for the Cu K𝛼 radiation used for this analysis. The shape 
parameter (or roundness factor) 𝐾 assumes a value of 0.9 for spherically-shaped 
nanoparticles (Langford & Wilson, 1978; Monshi, Foroughi, & Monshi, 2012). The 
particle size of the Degussa was about 39 nm while MVX had a crystal size of 23 nm.  
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5.2.3 Energy Dispersive Spectroscopy (EDS) 
 
Energy-dispersive X-ray spectroscopy (EDS) was employed for MVX chemical 
characterization. According to the technical specification supplied by the 
manufacturer the product is doped with small proportion of silver zeolite however, the 
presence of Ag+ ions was not revealed by XRD analysis. EDS  is a more reliable tool 
than XRD for providing information on the chemical composition of a sample for 
elements with atomic number (Z) >3.  
Figure 53 (b) is the EDS profile for the MVX sample, which is constituted by the MVX 
TiO2 nanoparticles immobilised onto a microscope glass slide support by dip-coating 
technique and dried at room temperature. The catalyst surface density was 0.020 mg 
cm-2. A typical EDS spectrum is portrayed as a plot of x-ray counts vs energy (in 
keV). Energy peaks correspond to the various elements in the sample. Generally 
they are narrow and readily resolved, but many elements yield multiple peaks. For 
example, iron commonly shows strong Kα and Kβ peaks.  
The pattern revealed three main  peaks  at 1.7 keV, 1.1 keV  and  0.53  keV which 
are indicative of the presence of Si, Na and O at atomic percentages of 33.4%, 10.2% 
and 53.5 % respectively, typical elements of glass. Conversely, the small peak at 
4.51 keV implies the presence of titanium at atomic percentage of 0.8%. 
Other elements (impurities) that are within the detection limit of EDS – Potassium 
(0.7 at%) and Iron (0.4 at%) – are believed to derive from the aqueous solution of the  
active ingredients in which the MVX catalyst was diluted. 
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Figure 53. SEM picture of microscope slide dip-coated in MVX precursor solution (a) and EDS spectra (b) of a specific area 
of the coating delimited by the yellow box.  
 
EDS analysis revealed no traces of silver, presumably the concentration is below the 
detection limit of EDS. Elements in low abundance can generate X-ray peaks that 
may not be resolvable from the background radiation. To overcome this problem, a 
more restricted area of the coating and precisely where the MVX catalyst formed an 
aggregate was analysed.  
b) 
a) 
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Figure 54. High magnification SEM picture of MVX nanoparticles aggregate (a) and map of the distribution and relative 
proportion (intensity) of previously defined elements (silicon, oxygen, titanium, aluminium, sodium and potassium)  over 
the scanned area (b).  
a) 
b) 
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The map of elemental distribution clearly revealed that the aggregate was made of 
titanium. However, once again, energy-dispersive spectroscopic analysis  did not 
reveal the presence of silver. Further EDS analysis was carried out directly on the 
MVX powder extracted from the aqueous solution after a centrifugation step and 
removal of solvent molecules with a vacuum pump. 
 
                            
                           
 
Figure 55. SEM picture (a) and EDS spectra with relative element concentration table (top right) (b) of the MVX powder.  
 
a) 
b) 
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Figure 56. EDS elemental mapping (titanium, oxygen, silver, sulphur, silicon, sodium, aluminium, iron, calcium, potassium, 
gold and chlorine) of MVX catalyst powder. Colour intensity is proportional to the relative concentration of the element. 
 
The EDS (Fig. 55b) shows two peaks which indicates presence of Ti at 4.5 and 5 
keV respectively. The presence of oxygen is confirmed by the peak at 0.5 keV. The 
atomic percentage of Ti and O were 28.1 and 30.4 respectively. The present 
composition of Ti and O revealed the formation of non-stoichiometric TiO2 with 
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oxygen vacancy which can leads to better performance of photocatalytic activity (Liu 
et al., 2009). Also the intense KeV peak (4.5 KeV) related to the bulk TiO2 and less 
intense peak (5 KeV) was assigned to the surface TiO2 (Khade et al., 2015). The 
peak at 0.27 KeV is due to carbon which is typical of the sample support used.  No 
other impurities could be seen within detection limit of EDS. The elemental mapping 
(Fig. 56) reveals unequivocally that the signal of titanium element is exclusively 
coming from the MVX crystals hence, there was not any external sort of 
contamination. The absence of silver also in this last EDS analysis indicates that the 
bulk (analysis depth is commonly from 1000 to 2000 nm) and the surface of TiO2 in 
the MVX catalyst is not modified by the incorporation of silver.  
 
5.2.4 X-ray photoelectron spectroscopy (XPS) 
 
Further chemical analysis on MVX coatings were carried out using X-ray 
photoelectron spectroscopy. It tends to be more accurate quantitatively than EDS. 
Moreover, the chemical states of atoms incorporated into TiO2 structure can be 
studied by measuring the XPS spectra of the sample TiO2.  
Analysis was carried out on two different coated tiles (coating was carried out by the 
Maeda company) and five different areas on each tile were tested. Surveys were 
conducted before and after depth profile. The XPS spectra is showing the titanium 
element peak along with other elements of no interest, and no relevant difference in 
titanium atomic concentration was found between before and after depth profile. No 
traces of silver were detected, XPS results thus were in agreement with EDS 
confirming that MVX is made of titanium dioxide and no silver doping process was 
adopted during the catalyst synthesis.   
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Figure 57. XPS spectra of MVX coated tiles represented as a plot of the number of electrons detected  (Y-axis, ordinate) 
versus the binding energy of the electrons detected (X-axis, abscissa).  
 
5.3 MVX antimicrobial activity  
5.3.1 Staphylococcus aureus SH1000 wild type inactivation in suspension in the dark 
 
The MVX antimicrobial activity was tested against the pathogen Gram positive 
Staphylococcus aureus wild type. Bacterial cells were suspended in serially diluted 
solutions of the MVX precursor liquid (Fig. 58).  
The dark control (24 hours with slow agitation without any illumination) showed a 
progressive greater inactivation of bacteria as the concentration of MVX in solution 
increased. In the un-diluted MVX solution there were no viable cell counts. Statistical 
analysis (student-t test) indicates a significant difference (p<0.05) between the 
control and 0.10% dilution. The results clearly indicated that MVX has bactericidal 
activity. This may be due to cytotoxicity of particles present in the formulation, which 
are able to inactivate Staphylococcus aureus in the absence of light.  
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Figure 58. Dark control (24 hours) Staphylococcus aureus in serial diluted MVX solutions. The controls were bacterial cells 
suspended just in ultrapure deionised water, whereas 100% was the MVX precursor solution as received from 
manufacturer. Bars represent the mean of eight different samples. Error bars are one single standard deviation. * indicates 
significant differences (p < 0.05). 
 
The significant  biocidal effect in the dark might be the result of toxicity induced by 
silver zeolite, maybe present at undetectable concentration, and TiO2 nanoparticles 
due to endocytosis of the titania NPs (Huang et al., 2000a). Other unidentified 
ingredients contained in the MVX primary solution may also contribute to bacterial 
killing. Then the evaluation of antimicrobial activity of MVX catalyst was directly 
tested under dry conditions exposed to visible light illumination. 
 
5.3.2 Staphylococcus aureus SH1000 wild type inactivation on surface in dry 
conditions using MVX-coated ceramic tiles 
 
The aim of the experiments described below was to evaluate photocatalytically 
induced S. aureus inactivation rates in dry conditions using the MVX titania films on 
ceramic tiles at 1 mW cm-2 visible light irradiance. MVX titania nanoparticles were 
deposited as surface coatings on smooth ceramic substrates (80 mm x 80 mm) 
using a high-pressure spraying system. First, a primer solution was sprayed onto all 
tile samples. After drying, the mixed TiO2 coating was applied on exactly the same 
surfaces likewise by spraying and allowed to dry. The procedure was carried out by 
trained personnel from Maeda-Kougyou company. In order to examine the surface 
morphology of coated tiles, SEM analysis was performed. The SEM images of  MVX 
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TiO2 coating at different magnifications showed a non-uniform surface coverage of 
the coated tile samples (Fig.59). TiO2 clusters deposited on the surface during the 
coating process were observed, individual catalyst particles are not uniform in shape 
and size. 
             
              
Figure 59. Scanning Electron Micrographs (SEM) of ceramic tiles coated using a high-pressure spraying system with TiO2 
MVX (images taken at different magnifications).    
 
Staphylococcus aureus at a concentration of ~ 75 CFU was deposited onto the test 
sample surfaces using an in-house micro-volume spray device. The samples were 
allowed to dry in a laminar flow hood and subsequently exposed for a fixed-time 
period to the visible light source. Bacteria recovered from the surface were cultured 
using agar contact plates (RODAC) after visible light irradiation. Swabbing, was also 
compared with the contact plate method for bacterial recovery. Both procedures are 
recommended for verifying the efficacy of hygiene procedures for slaughterhouse 
materials (Ismaïl et al., 2013). Rinsing and immersion methods were also tested for 
bacterial recovery from the solid surface. However, the low recovery of bacteria and 
the poor reproducibility of these two standard procedures were limiting factors for 
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their use (data not shown). T-tests were carried out to compare control to coated 
samples tile.  
 
               
Figure 60. Staphylococcus aureus on ceramic tales with MVX coating (dark grey bars) and without coatings (light grey bars)  
inactivation data at time point 8 hours, 20 hours, 24 hours, 28 and 32 hours under 1 mW cm-2 visible light. Black triangles 
represent the percentage of bacteria inactivated on MVX coated tiles compared with control tiles. Each bar represent the 
mean value of ten different samples. Error bars represent single one standard deviation.* indicates significant differences 
(p < 0.05).    
 
The first aspect worthy of note is the consistent reduction of culturable bacteria after 
8 hours, regardless of the presence of the photocatalytic coating. Indeed, on the 
control tiles (without MVX coating but under visible light source) a decrease of 
almost 70% in bacterial viability was observed compared with the initial 
concentration. The bacteria surface loading at time zero was assessed by spraying 
bacterial suspension directly onto agar. The reduction may be attributed to either the 
intrinsic limit of the RODAC technique (not all bacteria were able to be recovered 
from the tile to the RODAC plate and/or more bacteria in proximity could have 
formed a single colony) or to the low rate of survival of Staphylococcus aureus on a 
dry surface.  
A difference in viable bacterial recovery between the control tiles and the MVX 
coated tiles was observed after 28 hours (p < 0.05). After one day and half of 
exposure, bacteria were recoverable from  the coated tiles and their number did not 
drop to zero, sterility hence was not achieved. Furthermore, bacteria spread on the 
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control tiles visibly decreased after 28 and 32 hours and the difference between MVX 
coated and control tiles was only one log reduction.  
Data at 24 hours, where bacterial inactivation dropped almost to zero, indicates that 
after one day of continuous illumination, which is moreover not realistic, the MVX 
coating did not show any antimicrobial activity. There was not a significant difference 
between control samples and coated samples tile (p > 0.05). The result  obtained 
after 24 hours combined with the little difference, almost imperceptible, between 
coated and uncoated tiles in the other time points suggest that the photocatalytic 
coatings were not effective against Staphylococcus aureus. This result might be a 
consequence of the non-uniformity of coatings as shown by SEM analysis; bacteria 
not in direct contact with MVX catalyst would not have been damaged. 
In order to evaluate the photocatalytic properties of the MVX coatings and rule out 
the non-uniformity of the coatings as the main cause for ineffective Staphylococcus 
aureus inactivation, a simple inexpensive method for the rapid testing of the 
photocatalytic activity of MVX was developed. 
 
5.4 Photocatalytic activity of MVX coatings  
5.4.1 Indigo trisulfonate degradation 
 
The photocatalytic activity of the MVX catalyst was investigated by monitoring the 
degradation of potassium carmine indigo trisulfonate (ITS) under UVA and UV–vis 
irradiation. It is important to remember that the term degradation in this study does 
not imply complete mineralization of the organic compound. A commercial 
photocatalyst (Degussa P25) was used as a reference for comparison with the MVX 
coating under investigation. Microscope glass slides were coated with MVX and 
Degussa P25 with a surface density of 20 µg cm-2.The catalyst was immobilised on a 
glass support and the slides were immersed in the dye solution which was slowly 
agitated using a platform rocker. Conventional evaluation of photocatalytic activity of 
powders involves the employment of the photocatalyst in a slurry with the solution 
and irradiating it. Thus, a high surface area of photocatalyst is available for the dye 
to adsorb to and degrade. Here, the catalyst was immobilised on the surface of the 
glass slides. 
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Surface properties are also an important factor be considered in this experiment. 
Indeed, a difference between the various TiO2 crystalline phases in the kinetics for 
dye adsorption has already been demonstrated (Mattsson & Österlund, 2010). The 
MVX catalyst, as evidenced by XRD analysis, is made mainly of anatase but also of 
a small percentage of brookite that has been reported to have enhanced 
photocatalytic activity for the degradation of indigo carmine compared to Degussa 
P25 and anatase (Díaz-Real, Ma, & Alonso-Vante, 2016). 
To obtain relevant information about the photocatalytic degradation, it was necessary 
to carry out experiments from which any possible direct photolysis and the contact 
mass effect was excluded. Experiments were conducted in the absence of TiO2 (only 
UVA and UV-Vis light) and with coatings in the dark to observe the adsorption 
kinetics. The MVX coatings were tested under 4 mW cm-2 visible light (according to 
the MVX technical specification, the catalyst is activated by photons with 
wavelengths in the visible spectrum) and 4 mW cm-2 UVA light owing to the presence 
of anatase in the MVX crystalline structure. Conversely, Degussa P25 coatings were 
only tested using a UVA light source at an intensity of 4 mW cm-2. 
The decrease in the concentration of the dye ITS was observed from the 
characteristic absorption at λ = 605 nm for indigo carmine in water. 
Data plotted in the graph below, indicates that : (i) the MVX coatings were unable to 
degrade ITS under visible light exposure and (ii) MVX was activated by UVA light 
however, the effectiveness of the MVX coating was not better than Degussa P25 
coatings. 
For the P25 coatings, ITS degradation was found to follow first order kinetics and an 
exponential regression model (of the form ae–bt) was therefore appropriate. The fitted 
parameters was as follow: a = 59.9 µM, 95% CI (48.3–71.4); b = 0.61 h-1, 95% CI 
(0.83–0.40). Initial degradation rates (at t = 0) was 36.5 µM h-1. The MVX coatings, 
under both UV light and visible light showed a linear trend of ITS degradation; under 
UVA the degradation rate found was 9.90 µM h-1 while under visible light it was 2.5 
µM h-1. 
The controls (visible and UVA irradiation in the absence of coating) showed a 
decrease in ITS concentration (Fig.61), which was fitted with a linear regression 
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model yielding rates of 1.7 µM h-1 for visible light and 5.8 µM h-1 for UVA. This 
indicates that ITS is degraded by  UVA and not only photocatalysis.  
 
                  
Figure 61. Kinetics of decolourization (bleaching) of indigo carmine under 4 mW cm-2 visible light (empty triangles) and 4 
mW cm-2 UVA light (solid triangles) only. Kinetics of indigo carmine degradation using MVX coatings under 4 mW cm-2 
visible light (empty square), 4 mW cm-2 UVA light (solid square) and Degussa P25 coatings under 4 mW cm-2 UVA light (solid 
circles). Adsorption of indigo on Degussa P25 coatings (empty circle) and MVX coatings (star) in the dark.  
  
Adsorption of indigo in the dark by the supported catalysts was also monitored. 
There was a modest difference between MVX and Degussa coatings. The Degussa 
coatings showed a slightly higher affinity towards indigo molecules. The difference in 
the adsorption rates between the two different catalysts might have resulted in 
differences in the kinetics and in the mechanism of degradation. Photocatalysis of 
compounds such as indigo depends strongly on the band positions and surface 
energy adsorption, and on the catalyst polymorph; electro-chemical treatments are 
also importantly influenced by pH (Diaz-Real et al., 2016).  
The amounts of indigo carmine adsorbed on various solids is correlated to their point 
of zero charge (PZC) which in case of TiO2 PZC = 6.7 (Vautier, Guillard, & Herrmann, 
2001). The point of zero charge, in physical chemistry, is related to the phenomenon 
of adsorption, and it refers to the condition when the electrical charge density on a 
surface is zero (Kirby, 2010). Since, PZC is the pH value at which a solid submerged 
in an electrolyte exhibits zero net electrical charge on the surface, the pH of solution 
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is extremely important in the degradation kinetics. The efficiency of MVX and 
Degussa coatings was hence evaluated at different pHs. In such experiments where 
ITS degradation was monitored the UVA light intensity was reduced to 1 mW cm-2 to 
limit as much as possible the photolysis process. 
In all ionic conditions MVX coatings did not perform as well as Degussa coating in 
degrading ITS. The ITS degradation rate, for both catalyst tested, exhibited a slow 
and almost constant rate in strong alkaline and neutral media while in acidic media a 
sharp increase in the kinetic was observed (Fig. 62). 
 
                  
Figure 62. Kinetics of indigo carmine degradation using MVX (empty) and Degussa (solid) coatings under 1 mW cm-2 UVA 
light at pH 3 (diamonds), pH 7 (squares), pH 10 (circles). Each point represent the mean of six different samples. Error bars 
correspond to the single standard deviations.   
 
This trend may be explained as follows: in the case of P25 coating under acidic 
conditions, ITS degradation followed first order kinetics resulting in an exponential 
regression model (form aebt). The fitted parameters were calculated and were as 
follows: (a = 58.6 µM, 95% CI (54.6-62.6); b = 0.35 hr-1, 95% CI (0.38 to 0.3)). 
Under strong alkaline and neutral conditions, Degussa coatings showed a linear 
model of ITS degradation: the a value, which coincides with the slope of the line and 
therefore the velocity of ITS degradation, resulted almost identical ( pH 7 = 3.2; pH 
10 = 3.3). Both cases, ITS degradation rate resulted remarkably smaller than the 
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initial degradation rates (t = 0) at pH 3 (Table 7). For MVX coatings all data, 
regardless of the pH of the medium, can be described by a linear equation.  
 
                  pH 3         pH 7            pH 10 
    Degussa P25           20.5 µM h-1          2.9 µM h-1         3.0 µM h-1 
          MVX            4.9 µM h-1        1.35 µM h-1         1.2 µM h-1 
 
Table 7. ITS degradation rate using MVX and Degussa  coatings under 1 mW cm-2 UVA light at pH 3, pH 7 and pH 10. 
 
The Strong dependence of adsorption capacity on pH can be attributed both to the 
surface ionization of the TiO2 particles in water and the acidic nature of indigo, which 
is dissociated as negatively charged sulfonate ion: 
At pH < pHpzc : TiOH + H+ → TiOH2+                          Eq. 11 
At pH > pHpzc : TiOH + OH− → TiO− + H2O               Eq. 12 
As shown in Eq. (11), adsorption sites are positively charged at low pH and facilitate 
adsorption of the negatively charged sulfonate ions. Hence, adsorption requires 
electrostatic interactions between the dye molecule and the hydroxyl groups of the 
photocatalysts.  
 
5.4.2 Hydroxyl radicals production rate 
 
Since Indigo carmine decomposition is certainly complex, and the determining 
factors for this process depend on the working conditions and mainly on adsorption 
capacity of specific catalysts, the hydroxyl radical production rate was carried out for 
a further evidence. Three different light sources ware used : UVA black lamp, wide 
spectrum fluorescent visible light and 405 nm LED light. As stated  in section 2.3, the 
narrow spectrum 405 nm type of illumination has the advantages of being not far 
from the absorption peak of the undoped TiO2 and it has biocidal properties. The 
effect of the 405 nm light technology in synergy with a doped catalyst with a 
moderate band gap narrowing might boost the bacterial inactivation process. Hence, 
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also a minimal catalyst activation may result in the desired effect to inactivate 
microorganisms.  
                    
 
Figure 63. Hydroxyl radical production of MVX and Degussa P25 coatings on glass substrates immersed in aqueous 
solutions (pH 7) after six hours at 1 mW cm-2 UVA, wide spectrum visible light and 405 nm irradiances. 1-to-1 
stoichiometric conversion of terephthalic acid (TPA) reacting with hydroxyl radical to 2-Hydroxyterephthalic acid (hTPA) 
whose concentration is shown on the y-axis. Bars represent the mean values of six different coating samples.  
 
Hydroxyl radical concentrations produced upon irradiation of coatings correlated with 
ITS degradation: (i) MVX coatings were not activated by visible light, hydrdoxyl 
radicals were produced upon irradiation with UVA and (ii) under UVA radiation P25 
coatings produced more radicals than MVX coatings, hence showing  higher rates of 
ITS degradation. Using the narrow spectrum 405 nm LED neither Degussa or MVX 
produced any hydroxyl radicals.  
Surprisingly, the Degussa coatings not only produced radicals when illuminated with 
visible light but also showed a higher efficiency compared to MVX coatings under 
UVA light at the same irradiance. The activation of Degussa coatings with a 
fluorescent visible light source may seem an anomaly since it is usually claimed that 
only photons with a wavelength of less than 380 nm could initiate the photocatalytic 
process, leading to the formation of excited electrons and positive holes. The 
explanation can be found by looking at the emission profile of the fluorescent tubular 
lamp used in this study as source of visible light. Indeed, the presence of an 
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emission peak with roughly 20% of activity in the spectrum range of Degussa TiO2 
activation (UVA) is the reason why this catalyst was able to produce ROS also when 
irradiated with the visible light lamp. This important aspect must be taken into 
account when the photocatalytic activity under visible light of a commercially 
available catalyst is evaluated. 
 
             
Figure 64. Output emission with relative intensity profile of tubular fluorescent lamp Biolux T8 used as visible light source 
(Osram product datasheet). 
 
5.5 Discussion  
 
This study used an aqueous solution of TiO2 nanoparticles containing silver 
supported zeolite (Miracle Titanium MVX, Maeda Kougyou, Kitakyushu, Japan) as 
provided by the manifacturer. The solution was utilised as received to produce fresh 
coatings on a glass support using a dip-coating technique. The MVX suspension was 
centrifuged and dried with a vacuum pump to obtain the TiO2 particles for the physio-
chemical characterization of the photocatalyst. Furthermore, ceramic tiles already 
coated provided by the same company were employed to test the antimicrobial 
properties of MVX catalyst against the gram positive bacteria Staphylococcus aureus. 
According to the company, the nanocoating could be activated by sunlight or visible 
fluorescent light.  
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XRD analysis revealed the crystalline structure of MVX catalyst was comprised 
mainly of anatase with traces of brookite polymorph. Zallen and Moret (2006) found 
that the optical adsorption of brookite is extended throughout the visible 
electromagnetic spectrum as a consequence of the calculated band gap energy of 
3.78 eV. Hence, the presence of brookite polymorph in the MVX structure may result 
in enhancement of light adsorption edge and/or may be the reason for its inclusion 
for the purpose of improving its photocatalytic activity. This is the case for Degussa 
P25 where a mixture of anatase and rutile results in high photocatalytic activity. XRD 
analysis revealed the absence of silver in the MVX structure. 
Energy-dispersive X-ray spectroscopy (EDS), employed for chemical 
characterization of MVX, did not reveal the presence of silver. Analysis was carried 
out on MVX coating samples where the presence of titanium element was compared 
with the composition of glass (in a range between 1 - 4 % wt). Titania and silver 
zeolite concentration in the precursor solution were 1.5% and 0.1% respectively 
hence, on the coating samples the silver concentration was presumably 15 times 
lower than that of titania. The detection limit of EDS analysis in the SEM depends on 
the composition of the sample being analysed, but is in the range 0.1-0.5 wt%. It is 
an effective technique for major and minor element analysis, but lacks the sensitivity 
for trace-element analysis. It is therefore conceivable that the silver concentration 
was below the EDS detection limit. EDS analysis carried out on MVX powder proved 
that the silver zeolite was not bound to the TiO2 particles. XPS analysis proved that 
silver was not present. This result together with EDS and the XRD data show that 
the MVX catalyst has not undergone any doping process, therefore the lattice 
structure and the surface of the TiO2 has not been modified. The silver zeolites may 
just be suspended in the aqueous solution and could not be recovered after the 
centrifugation step.  
For the assessment of photocatalyst performance, many evaluation methods have 
been reported in literature including the decomposition of dyes such as methylene 
blue (ISO test 10678:2010), or degradation of organic pollutants. Mills and 
colleagues recently developed  a rapid, semi-quantitative method using a digital 
scanner and an indicator ink for assessing the photocatalytic activity (Mills et al., 
2013). However, these procedures are lacking some important aspects: in the MB+ 
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ISO standard  protocol the pH of reaction solution is not specified (since the solvent 
is pure water it could be between 5-8 which is a wide range). Furthermore, the option 
to perform the test using three different solutions with alkaline, neutral and acid pH 
was not taken into consideration. The adsorption process is promoted by 
electrostatic interactions between the dye molecule and catalyst surface and the 
solution pH not only causes TiO2 surface ionization of the catalyst particles in water 
but also the type of charge on the dye molecules. Hence, especially in the case of 
two or more structurally different catalysts (chemical and crystalline composition), 
characterised at different points of zero charge, would be recommended to test the 
photocatalytic activity at different solution of pH values.  
Moreover, these methods can be effective in evaluating the specific photocatalytic 
efficiency of a catalyst in relation to a “fingerprint compound” however, they do not 
provide any information regarding the production of hydroxyl radicals. According to 
Kühn et al. (2003) and Mitoraj et al.(2007) hydroxyl radicals are the main inactivating 
agent produced by photocatalysis because of their high oxidation potential (Kühn et 
al., 2003; Mitoraj et al., 2007). The challenge in hydroxyl radical quantification lies in 
the short lifetime (~1ns) of this highly unstable molecule. The detection methods 
utilized for •OH in photocatalysis are: (i) direct fluorescence, (ii) various ESR 
observations, (iii) the use of fluorescence probe, (iv) chemiluminescence and (v) 
other methods such as analysis of •OH reaction product with DMSO, benzene, 4-
chlorophenol or 4-chlorobenzoic acid (Nosaka & Nosaka, 2017). Among these the 
use of a fluorescent probe presents a potentially efficient way to measure •OH 
radicals due to the low cost, rapid analysis time and reproducibility. Here, 
terephthalic acid was used as a hydroxyl radical trap and the •OH production rates of 
the MVX catalyst under wide spectrum visible light, narrow spectrum 405 nm and 
UVA light was monitored and compared against commercial TiO2 P25. Data on the 
rate of hydroxyl radical production confirmed what was already observed by the 
indigo degradation test: MVX did not produce ROS when illuminated with visible light 
but only under UVA radiation hydroxyl radical at concentrations lower than that 
produced by Degussa P25. The failure to activate MVX catalyst by visible light is not 
surprising given the chemical structure of MVX was made almost entirely of anatase 
polymorph. 
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The nature of the light source was found to be crucial  especially when photocatalytic 
coatings were evaluated for their ability to produce ROS under visible light irradiation. 
There are many different visible light sources and manufacturers and differences in 
the output emission profile of lamps resulted in a significant variation in the results 
generated. A striking example, shown in this study, was the activation of Degussa 
using a visible light source. Obviously, Degussa cannot be activated by photons with 
a wavelength > 400 nm (beginning of the visible light spectrum) and  the failure to 
produce ROS at a wavelength of 405nm is supporting proof. Hence, it should be 
recommended when evaluating the photocatalytic efficiency of a visible light-
activated catalyst to use a UVA filter that blocks ultraviolet rays (in this study it was 
not necessary since MVX did not show any activation when tested under the visible 
light lamp). 
Recently Reid et al., (2018) evaluated  the same material (MVX) in healthcare 
environments. They monitored the microbial burden and associated pathogens over 
3 months using standardized methods in a coated bay in an acute-care general 
medical ward, and in an untreated control bay in the stroke unit. They reported that 
the coating had an impact on the environmental bioburden in hospital, observing a 
gradual diminution of bacteria on the treated surfaces. 
A limitation of this study was the absence of information about the characteristics of 
the TiO2 coating (uniformity before and in the presence and/or quality of the coating 
during the study)  and of the nature of indoor lighting. Furthermore, it was not 
possible to ascertain the mechanism underlying bacterial inactivation.  
In this laboratory study, using conventional indoor lighting extremely variable survival 
rates for S. aureus were observed. The percentage of bacterial inactivation showed 
a fluctuating trend from 93% to 5%, with the lowest value at 24 hours. The efficacy of 
a self-disinfecting coating should at least exceed the rate of environmental 
contamination. During the in-vitro study, the log reduction was less than 1 after 8 
hours and did not increase significantly after 24 hours, therefore the results may be 
considered not suitable for  clinical environments. 
In the light of results obtained, bacterial inactivation, reported here and evidenced by 
Reid and colleagues in their test conducted in hospital environments, is likely due to 
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the presence of silver zeolite in solution or some other substance with a bactericidal 
action in the coating but not to a photocatalytic process.  
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CHAPTER 6: Photocatalytic inactivation 
of bacteria on dry surface at various 
relative humidities with UVA light 
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6.1 Introduction 
 
The interest and need to develop a deeper understanding of the dynamics of 
bacteria inactivation by TiO2 photocatalytic films, is driven by the increased pressure 
to tackle the rising threat of multi-drug resistance bacteria. Although there have been 
in vitro investigations of photocatalytic antimicrobial activity, very little work has been 
done under conditions simulating those encountered under real conditions. Most of 
the publications testing the antimicrobial activity of new photocatalysts expose 
bacteria in suspention to suspended catalyst particles. Procedures such as the 
heterotrophic plate count (HCP) also known as standard plate count and the most 
probable number (MPN), which are estimating the number of organisms able to 
multiply in a given medium, are widely used to check bacteria viability after a 
photocatalytic process because such tests are easy to perform and highly 
reproducible. However, the photocatalytic bacterial killing process where 
microorganisms are present  on an inanimate surface is somewhat different 
compared to that of bacteria in suspension in an aqueous solution. One important 
difference is the interaction between the microorganisms and the catalyst particles. 
The diverse ability of bacteria to survive in media such as air/liquid is very different. 
Moreover, heavy organic contamination on a dry photocatalytic coating may block 
light, oxygen and water molecules present in the air from reaching the catalyst 
thereby, rendering the photocatalytic process less effective (Ramsden, 2015).   
In vitro testing is necessary prior to evaluating  the antimicrobial efficacy of a 
photocatalyst applied as a coating under real conditions e.g. in hospital settings by 
monitoring the microbial burden following the application. In real life situations it is 
difficult to standardise both treatment and the sampling methods e.g. sites chosen 
(door handles rather than bed rail or sink knobs) and type of surfaces analysed, 
exposure to cleaning agents and culture techniques may all affect results. 
Furthermore, the impossibility to predict where and when a hospital surface is 
contaminated together with the impossibility before sampling  of ascertaining the 
presence of organic substance that can favour the survival of microorganisms on 
inert surfaces are important confounding factors that can lead to difficulties in 
interpreting results (de Jong et al., 2018;  Reid et al., 2018).  
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In this chapter, a novel protocol was developed to evaluate in a direct way the 
antimicrobial activity of photocatalytic coatings when bacteria were deposited directly 
on a dry surface. Factors such as different relative air humidities and 
presence/absence of glucose as an external energy source for bacteria on the test 
surfaces were examined. The method developed here may be useful for monitoring 
the photocatalytic activity of surface coatings on bacterial viability both in the case 
where the bacteria are in suspension as well as when microorganisms are present 
on a solid surface.  
Previously published methods for recovering microorganisms from solid surfaces, 
are not easily reproducible and have low yields compared with the enumeration 
methods for bacteria in suspention. Therefore, it is difficult to quantitatively compare 
the activity of a photocatalytic coating and assess bacterial viability when the cells 
are present on dry surface instead of being immersed in a liquid.  
There is therefore a need to develop a method for enumerating viable bacteria on 
surfaces to assess the activity of the photocatalytic process.  
The protocol developed in this study utilizes a mixture of SYTO® 9 green-fluorescent 
nucleic acid stain and the red-fluorescent nucleic acid stain propidium iodide probes 
of the Live/Dead BacLight bacterial viability assay kit combined with confocal 
microscopy. Bacterial viability was assessed based on bacterial membrane integrity 
by directly imaging bacteria on surfaces following photocatalytic exposure. SYTO 9 
stain can diffuse inside all bacteria in a population, those with intact membranes and 
those with damaged membranes. Conversely, propidium iodide is able to penetrate 
only bacteria with damaged membranes. The presence of both dyes inside the 
bacterial cell causes a reduction in the SYTO 9 stain fluorescence. Thus, with an 
appropriate mixture of the SYTO 9 and propidium iodide stains, bacteria with intact 
cell membranes stain fluorescent green, whereas bacteria with damaged 
membranes stain fluorescent red. 
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6.2 Bacteria inactivation on Degussa  P25 coating at high relative 
humidity  
 
Experiments were carried out in a temperature and humidity controlled reactor 
chamber made of sealed boxes equipped with UVA fluorescent lamps;  the 
mechanism for controlling the relative humidity (RH) is reported in chapter 3. 
Relative humidity (RH) is the ratio of the partial pressure of water vapour to the 
equilibrium vapour pressure of water at a given temperature. During experiments, 
data regarding temperature and humidity were recorded by a sensor and data 
transferred using the Omega Logger Interface Program. Below, is reported data from 
four hour experiments; values of temperature and relative humidity during two hours 
and one hour exposure experiments were in line with the graph shown below (Figure 
65).  
The system required less than 20 min to reach the desired value of RH after placing 
the bacterial contaminated surface samples and the RH sensor inside the sealed 
boxes of the photoreactor. After the time needed for the system to reach steady state, 
the RH remained constant. 
            
 
Figure 65. Temperature and air relative humidity recorded during a four hour high RH experiment using a 
wireless Omega logger humidity/temperature sensor (model OM-62)[omega Ltd, UK] placed in the sealed box 
during any experiment. Temperature (red line) was held constant at 30°C, relative humidity (blue line), after the 
initial time required to reach steady state, was held at 85%.    
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Each experiment was repeated at least twice to confirm the repeatability of results. A 
minimum of four different  areas were exposed during each experimental run, 
therefore at each time interval, there were at least eight samples at each time period 
for analysis. To determine the photocatalytic effect on cell wall integrity, from other 
factors including direct photolysis and desiccation experimental controls were 
important. Experiments were made in the absence of TiO2 (only UVA) and with 
bacteria deposited on TiO2 coatings kept in the dark to ascertain whether exposure 
to TiO2 films itself affected bacterial integrity. Moreover, experiments were performed 
in the presence/absence of glucose acting as an external energy source for bacteria 
to assess the ability of bacteria to recover from the photocatalytic-induced damage. 
Confocal microscopy settings (brightness, intensity of emission laser, filters) 
remained constant for all experiments reported here. 
 
6.2.1 Eight hours dark control high relative humidity 
 
Almost all the Staphylococcus aureus SH1000 cells spread onto Degussa P25-
coated microscope glass slice after 8 h in the dark at 85% RH were rendered not 
viable, however some viable bacteria were spotted (Figure 66). Bacterial survival 
may have resulted from the lysis of neighbouring cells releasing a fresh supply of 
nutrients or a mutation occurring during bacterial multiplication that gave greater 
resistance to desiccation to some cells. A model for estimating the variability in the 
number of surviving bacteria over time in a desiccated environment has been 
developed by Koyana and colleagues (Koyama et al., 2017). 
The software “Image J” can be used to derive the total number of bacterial cells in 
the pictures, therefore a survival percentage can be calculated, there were many 
other areas on the samples where all bacteria were inactivated. Hence, the 1.3% 
survival rate calculated from the images shown here is an overestimation.  
The low rate of Staphylococcus aureus survival after 8 h on Degussa P25 film in the 
dark was highly unexpected. In literature, S. aureus was reported to survive between 
7 days and  7 months (Wagenvoort & Penders, 1997; Kampf et al., 1998; Neely & 
Maley, 2000; Wagenvoort, Sluijsmans, & Penders, 2000). 
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Figure 66. Staphylococcus aureus SH1000 stained with mixtures of SYTO® 9 green-fluorescent nucleic acid stain and the 
red-fluorescent nucleic acid stain, propidium iodide probes of the Live/Dead BacLight bacterial viability assay kit after 8 h 
on Degussa P25 coatings in the dark at RH 85%. Viable bacteria are green while red dots are bacteria with damaged 
membrane.  
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6.2.2 Four hours exposure at high relative humidity  
 
Bacterial cells deposited onto Degussa P25 coated microscope glass slide and 
maintained in the dark for 4h appeared green when observed using confocal 
microscopy and were therefore viable (Figure 67). 
 
 
  
Figure 67. Staphylococcus aureus after 4 h on Degussa P25 coatings in the dark at RH 85%. Arrows are indicating bacteria 
which are not showing a uniform colour. 
 
Although green was the predominant stain, some bacteria showed a non-uniform 
colour;  in rare cases as indicated by the arrows in the images above the bacteria 
tended to appear red. This might suggest a different capability among bacterial cells 
to survive on a dry surface,  as previously observed for 8 h samples. 
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The effect of UVA light illumination in the presence of the TiO2 coating on the 
bacterial membrane integrity was evident; all bacteria appeared red, not even a 
single green cell was detected (Figure 68).  
   
 
  
Figure 68. Staphylococcus aureus on Degussa P25 coatings at RH 85% after 4 h exposed to 1 mW cm-2 UVA irradiation.  
 
The presence of glucose on the sample surface did not change the results, bacteria 
were still red even though the colour was not as intense compared with samples 
without the sugar (Figure 69). This result indicates that the degree of membrane 
damage was permanent and the membrane could not be repaired.  
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Figure 69. Staphylococcus aureus on Degussa P25 coatings with the presence of glucose (2 µg cm-2) at RH 85% after 4 h at 
1 mW cm-2 UVA irradiation. 
 
Exposure for 4 h at 1 mW cm-2 UVA even without the photocatalytic film resulted in 
severe membrane damage for Staphylococcus aureus. These results are in line with 
earlier reports of lipid peroxidation and other membrane damage caused by near-UV 
light (Chamberlain & Moss, 1987; Wagner & Snipes, 1982). 
Even though the effect of UVA light on bacterial membrane integrity was clear, 
Staphylococcus aureus cells were not green as in the dark control, bacteria staining 
was different from the 4 h UVA exposure in the presence of TiO2 coatings. An 
intermediate state was observed, bacteria appeared generally red stained but with a 
green outline were often noted (Figure 70). This different appearance, following the 
presence/absence of the coating, was an initial indication of a different degree of 
membrane damage. 
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Figure 70. Staphylococcus aureus on microscope glass slides at RH 85% after 4 h 1 mW cm-2 UVA irradiation. Arrows  
indicate bacteria in an intermediate state; part of the green stain is still inside bacteria cells. 
 
The supplementation with glucose on the test surface radically changed the result: 
when irradiated with UVA light in the absence of the TiO2 coating, all bacteria 
appeared green (Figure 71). This result is significant, firstly because it supports the 
earlier observation of the intermediate state (not entirely red stained) as a result of 
the UVA photolysis process. Secondly, it suggests that membrane damage induced 
by photolysis was not severe and could be reversed while the damage caused by the 
TiO2 photocatalytic process was permanent and could not be repaired.  
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Figure 71. Staphylococcus aureus on microscope glass slide in the presence of glucose (2 µg cm-2) at RH 85% after 4 h at 1 
mW cm-2 UVA irradiation.  
 
6.2.3 Two hours exposure at high relative humidity 
 
The bacteria exposure time on sample surfaces was reduced to 2 h to verify: (i) 
whether the UVA light could still have a detectable effect on the membrane integrity 
damage and (ii) to evaluate how fast the photocatalytic film could induce damage to 
the bacteria. Experiments, once again conducted at a relative humidity of 85%, 
highlighted the ability of the Staphylococcus aureus to survive a UVA dose reduced 
by 50% without reporting visible damage. Indeed, as evidenced by the images below 
(Figure 72), bacteria were found to have intact membranes after 2 h UVA irradiation 
on the inert glass support, even without glucose in their proximity. There was no 
discernible difference between dark controls (data not shown) and bacteria exposed 
to UVA only. The result corroborates the earlier observation that UVA alone at          
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1 mW cm-2 for 4 h did not inactivate bacteria. Halving the dose further shows that at 
1 mW cm-2 for 2 h is not particularly damaging to the bacteria. 
 
  
   
Figure 72. Staphylococcus aureus on microscope glass slice at RH 85% after 2 h at 1 mW cm-2 UVA irradiation. 
 
Exposure of Staphylococcus aureus cells for 2 h to 1 mW cm-2 UVA radiation in the 
presence of photocatalytic film risulted in a mixture of green, red and bacteria in an 
intermediate state (Figure 73). It was difficoult to calculate the survival rate because 
in most of the cases bacteria did not  belong to either red or green category. It is 
impossible to establish whether the different pigmentation of bacterial cells is due to 
a diverse capacity of Staphylococcus aureus cells to cope with oxidative stress or if a 
non-uniform concentration of catalyst on the surface can be the cause of the result 
shown below. Since 2 h exposure resulted in cells appearing not entirely stained red, 
as observed for the 4 h exposure experiment, it can be inferred that only 2 h 
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exposure to the photocatalytic process was insufficient for causing damage to the 
bacterial cell wall. On the other hand, it was also evident that the presence of the 
photocatalytic film produced an adverse effect on the bacterial cells. 
 
  
  
Figure 73. Staphylococcus aureus on Degussa P25 coatings at RH 85% after 2 h at 1 mW cm-2 UVA irradiation. 
Photographs are showing the coexistence in the same area of red cells (red arrows), green cells (green arrows) and bacteria 
in an intermediate state (grey arrows).  
 
The availability of glucose made bacteria capable of repairing the membrane 
damage induced by the photocatalytic process, preventing penetration and the 
intracellular accumulation of propidium iodide (red stain). This result (Figure 74) is 
consistent with those already discussed for the 4 h exposure to UVA radiation 
without the TiO2 coatings. It is therefore evident that a lack of an energy source 
(glucose is the simplest sugar that bacteria convert to ATP) makes the bacteria more 
sensitive toward external oxidative stress. 
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Figure 74. Staphylococcus aureus on microscope glass slide in the presence of glucose (2 µg cm-2) at RH 85% after 2 h at  
1 mW cm-2 UVA irradiation. 
 
6.2.4 One hour exposure at high relative humidity 
  
With the reduction of time spent on a solid surface bacteria encountered an 
attenuated stress due to lack of nutrients, desiccation and UVA radiation and as 
expected it resulted in a higher number of green stained cells for dark control and 
UVA only irradiated bacteria samples (data not shown). The presence of the 
photocatalytic film did not negatively impact the bacterial membrane integrity, indeed 
most of the cells deposited on Degussa P25 coated glass slide exhibited the green 
colour of intact cells (Figure 75). Few cells in an intermediate stated were observed, 
however they were a low percentage of the overall bacteria observed. Thus, one 
hour exposure to the photocatalytic process was insufficient to damage the bacterial 
cell wall. 
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Figure 75. Staphylococcus aureus on Degussa P25 coatings at RH 85% after 1 h exposure to 1 mW cm-2 UVA irradiation. 
Top right picture is showing some  bacteria cells in an intermediate state observed during confocal microscopy analysis.  
 
6.3 Bacterial inactivation on Degussa P25 coatings at low relative 
humidity  
 
It is well known that hydroxyl radicals, produced during the photocatalytic process 
are mainly involved in bacterial killing, arise from the reaction between an electron 
hole in the  crystal structure and water molecules e.g. those present the air. Hence, 
the aim of the experiments carried out in this section was to assess the impact of 
relative humidity on photocatalytic activity. 
In order to do that, it was important to keep experimental variables constant including  
air temperature, intensity of UV light, amount of catalyst deposited on the glass 
support, concentration and physiological state of the bacteria. 
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The effect of humidity was studied by varying the value from 85 percent to 20 
percent. The system required at least 20 minutes to reach the desired value of RH 
after placing contaminated surface samples and the RH sensor inside the sealed 
boxes of the photoreactor. However, as can be noted from figure 76, the RH starting 
value was not far from the desired low level of humidity target. It was difficult to 
achieve a steady low RH value; the error in the humidity values was estimated to be 
+/- 5% for the 20% RH experiments. 
 
 
Figure 76. Temperature and air relative humidity graph registered during the four hours exposure low RH experiment. 
Temperature (red line) was held constant at 30°C, relative humidity (blue line), after the initial time required for reaching 
the equilibrium, was held at 20%.    
 
6.3.1 Four hours exposure at low relative humidity 
 
Confocal microscopy images for Staphylococcus aureus SH1000 cells deposited on 
Degussa P25 coatings, after 4 h in the dark clearly indicated the significance of 
relative humidity for bacterial survival on inanimate surfaces. Bacteria cells appeared 
red when observed with confocal microscopy (Figure 77). Although the red stain was 
not intense and a few pale green bacteria were spotted, at low humidity bacteria did 
not appear green compared with earlier experiments with high humidity (Figure 67).  
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Figure 77. Staphylococcus aureus after 4 h on Degussa P25 coatings in the dark at RH 20%. Arrows are indicating pale 
green bacteria spotted during confocal microscopy analysis.  
 
In the presence of glucose on the substrate, bacterial cells were able to cope with 
the stress induced by dehydration; the green light of SAYTO 9 probe was the only 
one to be emitted when the sugar was supplied as nutrient to Staphylococcus aureus 
(Figure 78).  
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Figure 78. Staphylococcus aureus on Degussa P25 coatings with the presence of glucose (2 µg cm-2) at RH 20%  after 4 h 
in the dark. 
 
This ability of S. aureus to respond to an environmental stress was already observed 
during the high relative humidity experiments; bacteria irradiated with UVA light  
were red in the absence of glucose and turned green in more favourable conditions 
(when the sugar was added). When bacterial cells have sufficient intracellular ATP, 
these different stresses elicit a variety of specific and highly regulated adaptive 
responses that not only protect bacteria from the stress exposure, but also manifest 
as changes in the cell (cell wall, and membrane) which is then reflected  in 
differences in permeability to the fluorescent probes (Poole, 2012). At 20 percent RH, 
no significant difference was observed between photolysis and photocatalysis. 
Membrane damage, regardless of the presence of coating, after 4 h UVA exposure 
was severe, and S. aureus exposed to UVA appeared red even when glucose was 
made available for bacterial cells. It is worth noting that a diverse intensity of red 
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colour was observed after photolysis and photocatalysis processes: bacteria spread 
on the photocatalytic coating appeared intensely red whereas cells exposed only to 
UVA radiation showed a less intense colour (Figure 79).  
 
  
  
Figure 79. Staphylococcus aureus on Degussa P25 coatings (Top left and Top right pictures) and on microscope glass slide 
without photocatalytic film (Bottom left and Bottom right) at RH 20%  after 4 h at 1 mW cm-2 UVA irradiation.  
 
However, the inability of bacterial cells to maintain cell wall integrity when exposed to 
UV radiation even when a sugar source was made available was another difference 
found compared with results obtained with 85% relative humidity (Figure 80 and 70).   
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Figure 80. Staphylococcus aureus on Degussa P25 coatings (bottom left and bottom right) and on microscope glass slice 
without photocatalytic film (top left and top right) with the presence of glucose (2 µg cm-2) at RH 20% after 4 h at 1 mW 
cm-2 UVA irradiation. 
 
6.3.2 Two hours exposure at low relative humidity  
 
As for oxidative stress, in the case of dehydration the effect was time dependent. 
Staphylococcus aureus appeared green after 2 h of following deposition on the 
photocatalytic film in the dark at low relative humidity conditions (Figure 81). 
The presence of glucose on the test surfaces resulted in bacteria appearing bright 
green when observed under confocal microscopy (data not shown).  
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Figure 81. Staphylococcus aureus after 2 h on Degussa P25 coatings in the dark at RH 20%. 
 
Over an exposure period of two hours, the photolysis and photocatalytic processes 
did not cause any modification of the cell membrane permeability to the fluorescent 
probes. Regardless of the presence of the photocatalytic coating, bacteria exposed 
to UVA light appeared green (Figure 82) and no discernible difference was observed 
compared with the dark controls.                 
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Figure 82. Staphylococcus aureus on Degussa P25 coatings (top left and top right pictures) and on microscope glass slide 
without photocatalytic film (bottom left and bottom right pictures) at RH 20%, after 2 h at 1 mW cm-2 UVA irradiation.  
 
The physiological state of the bacteria might influence the staining properties. 
Barbesti and colleagues for example, showed that exponential-growth-phase E. coli 
cells stained with a combination of SYBR green and PI (the same used in this study) 
displayed higher green fluorescent intensity levels than did stationary-phase bacteria 
(Barbesti et al., 2000). The availability of nutrient molecules in the proximity of the 
cells is among the main stimuli that can induce the response in bacterial growth. 
Hence, the increase of green light intensity in bacteria exposed two hours to UVA 
radiation in low relative humidity condition in the presence of glucose (Figure 83) is 
in agreement with literature.  
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Figure 83. Staphylococcus aureus on Degussa P25 coatings (top left and top right pictures) and on microscope glass slide 
without photocatalytic film (bottom left and bottom right pictures) with the presence of glucose (2 µg cm-2) at RH 20%, 
after 2 h at1 mW cm-2 UVA irradiation.  
 
6.4 Bacterial inactivation with Degussa P25 coating in suspension  
 
One of the main aims of the work presented in this section was to find a common 
methodology that could be used to evaluate the effect of ROS produced by a 
photocatalytic coating both when the bacteria are in suspension and also when they 
are distributed on a dry surface. The Live/Dead BacLight bacterial viability assay 
protocol suggests addition of an aliquot of the dye mixture to a bacterial suspension. 
Here, a variation to the normal procedure was made; bacterial suspensions was 
centrifuged and  bacterial cells were spread on the glass slide and then stained once 
the surface was dry. This alternative procedure was thought to bring bacteria in the 
same condition before staining step; the different properties of air/water media could 
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have had an influence on membrane-permeabilization efficiency. Experiments were 
carried out using coatings with the same amount of catalyst immobilised on the glass, 
the same UVA light intensity (1 mW cm-2) and using the same bacterial strain. 
 
6.4.1 Four hours exposure with bacteria in suspension  
 
Staphylococcus aureus in suspension, after four hours UVA exposure in the 
presence of the photocatalytic film, resulted in viable cells (Figure 84 ). 
 
  
  
Figure 84. Staphylococcus aureus S in water in the presence of TiO2 coatings after 4 h at 1 mW cm-2 UVA light . 
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The result was not unexpected considering that Staphylococcus aureus SH1000 wild 
type was stable under the same condition when compared with the plate count 
method (see Staphylococcus aureus wild type inactivation kinetics chapter 4).  
Moreover, Cai and colleagues when estimating bacterial viability after photocatalytic 
treatment observed a much higher level of viability in bacteria assessed using 
Live/Dead staining compared to CFU counting (Cai, Strømme, & Welch, 2014). This 
result suggests that even a slight damage that cannot be highlighted with the use of 
fluorescent probes, can conversely affect bacterial ability to grow therefore forming 
visible colonies.  
 
6.4.2 One day exposure with bacteria in suspension 
 
Bacteria cells in suspension in the dark for 24 h resulted in viable cells observed 
using Saito 9 and propidium iodide fluorescent probes to assess S. aureus viability 
(data not shown), being in agreement with data obtained with the CFU counting 
method (see Staphylococcus aureus wild type inactivation kinetics chapter 3).  
For bacteria exposed to UVA radiation only, no discrepancy in the estimation of 
viability was found. On the basis of CFU estimation, the S. aureus cells exposed for 
24 h to UVA without coatings showed just a moderate reduction (less than 1 log in 
viability), and when stained with the Live/Dead kit bacteria were green labelled as 
shown in Figure 85. This result shows that the permeabilization of the cytoplasmic 
membrane of S. aureus cells immersed in water requires more than a six fold UVA 
dose than that required for membrane permeabilization when bacteria are on a dry 
surface instead. However, it is worth noting that also in the absence of UVA radiation 
bacteria membrane integrity was compromised (after 4 h at low humidity and after 8 
h at high humidity) when bacteria were deposited on a dry surface. The presence of 
photocatalytic coatings immersed in water with bacteria cells caused intracellular 
accumulation of  propidium iodide probe resulting in red labelled bacteria; the LI UVA 
induced ROS produced in solution from the Degussa film affected the membrane 
integrity and S. aureus cells appeared pale red (Figure 85).  
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Figure 85. Staphylococcus aureus in water solution in the presence of TiO2 coatings (right side) and without coatings (left 
side) after 24 hours at 1 mW cm-2 UVA light . 
 
Bacterial cells exposed for 24 h to ROS in solution were found to be not viable using 
both staining and CFU colony methods. 
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6.5 Discussion 
 
Results in this chapter brings together earlier observations on the photocatalytic 
bactericidal effect of TiO2 particles applied as a coating on bacterial viability. Since 
the mechanism of photocatalytic bacterial inactivation induced by TiO2 film involves 
cell-wall damage and lysis (Pulgarin, Kiwi, & Nadtochenko, 2012) fluorescent probes 
that differ both in their spectral characteristics and in their ability to penetrate viable 
bacterial cells were used. The idea to employ fluorescent probes directly on a solid 
surface was motivated by the low recovery of routinely used methods for recovering 
microorganisms from solid surfaces (Davidson et al., 1999; Khamisse et al., 2012) 
and the difficulty of standardizing the sampling procedure. The method developed in 
this study is based on direct observation hence, potentially it is possible to assess 
the photocatalytic effect on every single bacteria cell. It may be a limitation in terms 
of the concentration of cells that can be deposited. However, since it is unlikely that 
S. aureus MRSA in the environment e.g. hospital surfaces will be present at very 
high surface concentration perhaps it is not an issue. Furthermore, the same 
protocol can be employed both to evaluate the photocatalytic process in air and in 
solution, providing a valuable tool for a comparison of the two different processes. 
Since bacteria are unable to perform normal cell functions in the absence of water 
(McEldowney & Fletcher, 1988), humidity plays an important role in the survival rate 
of bacteria on solid surfaces. The effect of humidity was studied by setting the air 
humidity at 20 percent and  85 percent. Under high humidity condition (85 ± 5% RH), 
S. aureus survival  was higher than that at the low RH condition, indeed for the 4 h 
dark controls bacteria appeared green at high RH while bacteria exposed to the dry 
humidity condition (20 ± 5% RH) were rendered unviable. The effect of dessication 
damage was alleviated by suplying nutrients (glucose) to the bacteria as noted  
previously in literature (Mohadjer & Mehrabian 1973). Indeed, at low humidities, the 
control bacteria (dark) remained green in the presence of the sugar on the test 
surface. Moreover, dehydration stress made bacteria even more sensitive towards 
UV induced oxidative stress; under dry conditions 4 h UV irradiated bacteria in the 
presence of glucose were not able to recover compared with bacteria exposed to 
high HR which did recover. 
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The impact of relative humidity and the presence of nutrients on bacterial survival, 
shown in this section, may help explain the variability in survial of nosocomial 
pathogens observed persisting on inanimate surfaces. Kramer and colleagues 
described the persistence of nosocomial pathogens on inanimate surfaces. E. coli 
has been reported to stay viable on a surface for just one hour whist in another study 
it remains viable for up to 16 months while Staphylococcus aureus has been shown 
to survive on surfaces ranging between 7 days and 7 months ( Kramer, Schwebke, & 
Kampf, 2006). The Staphylococcus aureus SH1000 strain used in this study showed 
a much lower resilience, after just eight hours under humid conditions almost all 
bacterial cells left in the dark were red, hence not viable. However, these results can 
be due to the usage of a different method to assess bacterial viability. Furthermore, 
bacterial population longevity might depend, at least in part, on a dynamic situation 
with cells growing, dying, lysing and resupplying nutrients to other cells continuously, 
rather than a static survival of individual cells (McEldowney & Fletcher 1988). In this 
case, perhaps a small number of cells can remain viable for a long time. A few green 
cells spotted after eight hours exposure to dessication in the dark, might be the result 
of this process.  
Artificial LI UVA light compromised the membrane of S. aureus cells in line with 
earlier reports where lipid peroxidation (Chamberlain and Moss 1987) and protein 
oxidation (Pizarro, 1995; Pattison and Davies, 2006) were observed and deemed to 
be responsible for the alterations in membrane structure. Hovewer, the UVA damage 
to S. aureus wall membrane was not so significant under humid conditions, indeed 
the presence of nutrients such as glucose promoted bacterial recovery from UVA 
damage. Resuscitation of microorganisms following photocatalytic/photolysis 
processes in the presence of appropriate nutrients was already observed during this  
study: E. coli was able to growth on BHI blood agar but not on LB agar (Figure 38). 
Conversely, under identical UVA and RH exposure conditions but in the presence of 
Degussa coating, bacteria were not able to repair their membranes, suggesting that  
permanent damage was induced by the photocatalytic process. Starvation stress can 
thus make bacteria more susceptible versus other types of stress factors such as 
dehydration and oxidative stress produced by UVA light and radicals. 
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With the protocol developed in this study, it was possible to disciminate between 
reversible and irreversible damage. Furthermore, it was also possible to observe the 
different steps leading to irreversibile membrane damage. Pulgarin and colleagues, 
when describing the mechanism of photocatalytic bacterial inactivation, reported that  
complete inactivation is due to the partial damage of cell wall components 
(peroxidation). A small increase in the cell wall disruption is concomitant with a 
decrease in the cell wall functional groups leading to higher cell wall fluidity as a 
precursor step preceding cell lysis (Pulgarin et al., 2012). The initial increase in cell 
wall fluidity and consequently the higher permeability to propidium iodide probe was 
evident in bacteria exposed for 2 h to UVA radiation in the presence of coatings 
under humid conditions. Bacteria appeared labelled both with green and red stain, 
indicating after two hours an early stage of membrane damage caused by ROS. 
The photocatalytic coating disinfection efficiency was found to depend on the RH of 
the air. Results of two hours exposure at high and low RH suggests that under the 
dry conditions bacteria were not affected by the photocatalytic process and appeared 
green, while in parallel experiments at high RH the S. aureus cells showed an early 
stage of membrane damage. More water molecules may be necessary to produce 
the hydroxyl free radicals on the catalyst surface to induce severe membrane 
damage. 
Unfortunatelly, it was not possible to obtain a confirmation in the four hours exposure 
experiments that S. aureus did not survive over this period of time on a inanimate 
surface under dry conditions. However, the result observed in this study is consistent 
with the in literature (Pham & Lee, 2014). Researchers found that under humid 
conditions (80 ± 5% RH), the disinfection efficiency of E. coli was higher compared to 
that at dry conditions, but lower than that of the medium humidity condition (60 ± 5%). 
The authors explained the best performance in medium humidity condition with the 
resuscitation of organisms induced by high humidity level, which resulted in a 
decreased disinfection efficiency ( Li & Wu, 2006). 
The method for assessing bacteria viability used in this study allowed a comparison 
of photocatalytic processes in water/air media. It was evident that bacteria 
inactivation in water suspension took much longer time; after 4 h exposure bacteria 
in suspension remained viable while bacteria on surfaces, regardless of air humidity, 
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were inactivated. One day exposure to LI UVA in water showed the important 
contribution of ROS produced in solution for bacterial killing. Indeed, only bacteria 
exposed to UVA radiation in the presence of photocatalytic coatings resulted in red-
labelled cells, the UVA alone did not affect bacteria viability. The result presented in 
this section is in agreement with results in chapter 4 where the standard plate count 
method was used to assess bacteria viability after the photocatalytic process under 
identical conditions.  
In the light of results presented here, the conclusions that can be drawn regarding 
the importance of air/water media in photocatalytic bacteria killing are: (i) S. aureus 
cells are more stable in acqueous environment, dehydration is an important stress 
which affects bacterial survival on  dry surfaces, and (ii) as also a consequence of 
the different survival rates in the two media, the photocatalytic process is more 
effective in killing bateria on surfaces rather than in suspension. An important aspect 
that might also explain such a significant difference between the two processes is 
the efficacy of ROS produced. Indeed, bacteria on a photocatalytic film are in 
continuous contact with surfaces, hence all ROS produced immediately reacts with 
protein or lipid components of the cell wall. Conversely, when in suspension direct 
contact between bacteria in aqueous suspensions and the TiO2 photocatalytic 
surface is not deemed necessary for bacterial photoinactivation  Wang et al. (2015), 
it is reasonable to suppose that some of the generated hydroxyl radicals are not 
reacting with the bacterial target. Moreover, damage by h+vb and e-cb species 
generated on TiO2 surface when bacteria are directly in contact with the catalyst 
(Nadtochenko et al., 2006b) is not likely to happen when bacteria are in suspension 
under agitation or at least occur to a limited extent since bacteria are not close to the 
catalyst all the time. 
Some authors have already suggested LIVE/DEAD staining as a useful tool for 
evaluating bacterial viability in an aqueous environment, such as drinking water 
distribution systems (Boulos et al., 1999; Hoefel et al., 2005), or seawater (Joux, 
Lebaron, & Troussellier, 1997). Here, a new approach for assessing bacteria viability 
on dry surfaces has been shown to be a promising tool. 
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CHAPTER 7: Conclusions and 
suggestions for future work 
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7.1 Summary of research findings and conclusions 
7.1.1 Effect of UVA light intensity during photocatalytic process  
 
Simple photochemical processes follow the Bunsen–Roscoe reciprocity law — the 
photochemical effect of radiation depends on the total radiant energy received and is 
independent of irradiance and duration. More complex processes, such as the 
photolysis of silver halides, do not follow this law. Results presented in this study 
demonstrate that the rule cannot be safely transferred to complex biological systems 
such as bacterial cells. It may be hypothesized  that this law is valid only within a 
certain dose range, which has to be individually defined for each process and maybe 
also for different bacteria. Deviations from the Bunsen–Roscoe reciprocity law may 
give important clues to mechanism of the process. Some microorganisms may be 
more resistant to UV high intensity radiation because of the lack of endogenous 
photosensitizers.  
At high irradiance (4 mW cm-2) the presence of the titania had no additional 
bactericidal effect on cell survival, and the degree of intracellular oxidative stress 
was indistinguishable regardless of the presence or absence of photocatalytic 
coatings. 
On the other hand, at low irradiance (1 mW cm-2)  bacterial survival was severely 
compromised by the presence of titania and intracellular oxidative stress was high in 
bacteria exposed to photocatalytically produced ROS and almost imperceptible in 
the absence of photocatalytic film. 
This might indicate a bimodal lethality by UVA. The high irradiance must exceed 
some threshold for the activation of a special defence mechanism, which protects 
bacteria from ROS generated both by the UVA light and by titania. On the other hand, 
the lower irradiance (which still exceeds typical interior irradiance) fails to activate 
that defence mechanism, which is not required for UVA light alone.  
The titania may be thought to operate by a "stealth mechanism" at low (1 mW cm-2) 
UVA irradiance, generating low levels of extracellular lethal ROS against which the 
bacteria are defenceless because the low light level fails to induce the oxidative 
stress defence mechanism of the bacteria. 
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This is encouraging for the deployment of titania coatings as antibacterial agents for 
hospital interiors; the titania seems to operate by a "stealth mechanism", generating 
lethal ROS against which the bacteria are defenceless because the low light level 
fails to trigger defence mechanisms. 
 
7.1.2 Importance of catalase and superoxide dismutase enzymes in S. aureus 
 
The sodA/sodM and to a lesser extent the ahpC/katA mutant strains were found to 
be resistant to LI UVA damage however, were inactivated by TiO2-induced ROS over 
the same exposure period. Inactivation kinetics and the intracellular oxidative stress 
data suggest that superoxide dismutase enzymes that degrade •O2- play a crucial 
role in confering protection against ROS under LI UVA.   
Comparison of HI inactivation kinetics for the ahpC/katA and sodA/sodM mutants 
suggests that intracellular ROS formation (presumably superoxide •O2-), following 
the UVA only exposure, caused rapid inactivation of the SOD mutant. The catalase 
mutant initially showed resistance to HI UVA damage (characteristic shoulder seen 
on the inactivation curve) but prolonged irradiation resulted in cells beginning to 
rapidly die after about 90 min (the decay rate was faster during this interval in 
comparison with that of the SOD).  
These results indicate that the superoxide dismutase enzymes in S. aureus are more 
important compared with catalase to hold in check the intracellular oxidative stress 
caused by UVA irradiation and by the photocatalytic process. It is unclear whether 
the high toxicity of superoxide radical is mostly due to its ability to react directly with 
lipids, carbonyl groups of proteins and with nitric oxide or to the possibility of forming 
the hydroxyl radical by the Haber-Weiss reaction. 
 
7.1.3 Importance of the presence and type of nutrients for bacterial resuscitation 
  
The presence of nutrients such as glucose on the test surfaces was shown to 
promote bacteria recovery from UVA damage. Resuscitation of microorganisms 
following photocatalytic/photolysis processes in the presence of appropriate nutrients 
was also observed when bacterial cells were in suspension: in the case of E.coli, the 
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widely used LB (Luria-Bertani) agar resulted in a bacterial recovery much lower than 
3 log when compared with BHI (Brain Heart Infusion ) blood agar media. 
The choice of solid growth medium for the estimation of the number of viable cells 
surviving the photocatalytic process was found to be crucial. A significant 
overestimation of bacteria inactivation rate of the photocatalytic process was shown 
using LB compared with BHI blood agar.  
It would be appropriate that methods of assessing bacterial viability be standardised 
following the photocatalytic process. Results shown in this study do not recommend 
the use of LB agar to assess E. coli viability. 
 
7.1.4  Photocatalytic bacterial killing process on dry surfaces 
 
This study has focused on developing a novel protocol that allowed direct 
observation of the biocidal effect of the photocatalytic treatment on surfaces under 
different conditions.  
Staphylococcus aureus was shown to survive longer on inanimate surfaces at high 
air relative humidity. Almost all the S. aureus cells spread onto Degussa P25 coated 
microscope glass slide after 8 h in the dark at 85% RH were not viable. Potentially, a 
single bacterial cell can cause disease. Hence, the absence of any viable cell on the 
photocatalytic surface after 4 h exposure demonstrated the disinfection efficiency of 
coatings.  This is encouraging for the deployment of titania coatings for overcoming 
some of the existing limitations in environmental disinfection.  
Furthermore, the photocatalytic process was shown to be more effective at high air 
relative humidity; this may be due to a greater hydroxyl radical  production rate 
attributable to more H2O molecules being available at the surface. Relative humidity 
was found to be crucial for bacterial survival and for the efficiency of the 
photocatalytic process. On this basis it is surprising that the available data on the 
influence of air relative humidity is low and that in most experimental and clinical 
studies variations in relative humidity are not included in the experimental design or 
not studied at all. 
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The protocol proposed in this study for assessing bacteria viability allowed 
comparisons to be made between the photocatalytic process on a dry surface with 
the process where the photocatalytic coating is in suspension. The bacterial 
inactivation kinetics on a photocatalytic dry surface was significantly faster than 
when bacteria were in suspension instead. This evidence is encouraging for the use 
of such coatings on environmental surfaces. 
 
7.2 Limitations of the study  
 
Unlike techniques such as swabbing or contact plating (RODAC) methods, confocal 
microscopy requires expensive equipment and considerable technical knowledge 
and skills are needed to make the best use of the method. Furthermore, the surface 
under examination is small compared with the area that can be sampled via 
swabbing or using the RODAC plate methods.  
Although the LIVE/DEAD BacLight Bacterial Viability Kits have been tested on the 
most common Gram positive and Gram negative pathogenic bacteria, spores might 
be impermeable to several intracellular dyes. Comas‐Riu and Vives‐Rego showed 
that it is possible to stain spores of Paenibacillus polymyxa with propidium iodide and 
Syto 13 (Comas-Riu & Vives-Rego, 2002). Therefore its use and its reliability with 
the spores must be carefully evaluated.  
Since the light source for fluorescence excitation in confocal microscopes must pass 
through the sample, it is essential that the photocatalytic film and the support are 
transparent. Therefore, it is not possible to use opaque surfaces and it might not be 
feasible to evaluate some modified catalysts such as graphene-TiO2 that, due to 
their dark colour, result in opaque films. 
Lastly, the photocatalysis is thought to result in destruction of cell-wall bilayers and 
as a consequence of that modify the membrane permeability to fluorescent probes. 
Other processes which do not affect bacterial membrane integrity cannot be studied 
with the approach used here. 
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7.3 Future work  
 
UVA-induced oxidative damage and, ultimately, cytotoxicity was shown to be 
dependent on radiation intensity and not just the total energy dose. Along with lipid 
peroxidation and protein oxidation, UVA radiation was shown to generate active 
oxygen species inside irradiated bacteria. A bimodal biocidal action of UVA radiation 
was observed, supported by significantly different levels of intracellular oxidative 
stress observed in S. aureus after the same UV dose but delivered at different 
irradiances. An explanation could be found in the different pathways through which 
UVA radiation induces damage to bacteria. It may be possible that at low intensity 
the UVA radiation results in membrane lipid peroxidation and/or protein oxidation 
and fails to generate intracellular ROS (e.g. throughout Tryptophan and 
NADH/NADPH pathway) perhaps because the light at this intensity is not able to 
pass through intact cell walls. 
In such cases, bacteria would not change the activity of antioxidant enzymes at the 
transcriptional and post-transcriptional level and would be more sensitive to an 
external oxidative stress caused by the photocatalytic process.  
A better understanding of the bacterial adaptive response to UVA through 
determining the global transcriptomic response analysis of S. aureus exposed to low 
and high intensity UVA  is an important future research direction. Analysis of gene 
expression profiles and of the induction of enzyme activity upon exposure to high 
and low UVA intensity would be worthy of future research.  
Evaluating the adaptive response of the cell to UVA and whether it is more 
pronounced as the intensity of UVA radiation increases or if there is an optimum 
UVA intensity for the photocatalytic inactivation of bacteria needs evaluation. Indeed, 
a radiation too intense may activate the bacterial antioxidant response, conversely 
UVA radiation at very low intensity may result in poor and inefficient ROS production 
rate as shown in the present study. 
There are several reports on the bactericidal effect of visible light, mostly suggesting 
the blue portion (400–500nm) is responsible for killing various pathogenic bacteria 
(Lubart et al., 2011). There is evidence suggesting that, like exposure to UVA 
radiation, the bactericidal effect of visible light could be attributed to generation of 
155 
 
reactive oxygen species by bacterial endogenous photosensitizers. Hence, 
determining the mechanism of inactivation at high and low intensity visible light could 
lead to designing efficient photocatalytic processes using visible light activated 
photocatalysts.  
An important question concerning the use of photocatalytic antimicrobial coatings to 
reduce the occurrence of healthcare-associated infections is whether the TiO2 
coatings are able to inactivate pathogens at a rate which would lower the 
environmental burden of infectious bacteria on surfaces. A photocatalytic film 
capable of producing 0.32 µM hr-1 hydroxyl radicals in solution required around four 
hours on a dry surface to produce significant damage to bacterial membrane integrity. 
Could doped TiO2 catalysts under visible light irradiation produce higher •OH rates 
compared with Degussa coatings reported here? Knowledge of this may be a 
prerequisite for the successful application of visible light activated photocatalysts in 
real life conditions. It is evident that the presence of nutrients can enhance bacterial 
survival on inanimate surfaces. Rapid photocatalytic degradation of such nutrients 
might be provided by a photocatalytic film. Confocal microscopy to determine the 
presence of viable bacteria on a dry surface developed in this study can easily be 
standardized. It may become a useful tool for researchers to evaluate in laboratory 
conditions the antimicrobial potential of visible light activated coatings before testing 
in real settings e.g. hospitals. 
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The aim of this study was to evaluate the bactericidal effect of reactive oxygen species (ROS) 
generated upon irradiation of photocatalytic TiO2 surface coatings using low levels of UVA and the 
consequent killing of Staphylococcus aureus. The role of intracellular enzymes catalase and 
superoxide dismutase in protecting the bacteria was investigated using mutant strains. Differences 
were observed in the intracellular oxidative stress response and viability of S. aureus upon 
exposure to UVA; these were found to be dependent on the level of irradiance and not the total 
UVA dose. The wild type bacteria were able to survive almost indefinitely in the absence of the 
coatings at low UVA irradiance (LI, 1 mW/cm2), whereas in the presence of TiO2 coatings, no viable 
bacteria were measurable after 24 h of exposure. At LI, the lethality of the photocatalytic effect due 
to the TiO2 surface coatings was correlated with high intracellular oxidative stress levels. The wild 
type strain was  found to be more resistant to UVA at HI compared with an identical dose at LI in 
the presence of the TiO2 coatings. The UVA-irradiated titania operates by a “stealth” mechanism at 
low UVA irradiance, generating low levels of extracellular lethal ROS against which the bacteria are 
defenceless because the low light level fails to induce the oxidative stress defence mechanism of 
the bacteria. These results are encouraging for the deployment of  antibacterial titania surface 
coatings wherever it is desirable to reduce the environmental bacterial burden under typical indoor 
lighting conditions. 
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Figure 86. Picture of the photoreactor used for experimental data. 
